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Neste trabalho, a síntese de uma série de complexos diméricos de fórmula [Ln(hfa)2(H2O)2-(µ-
tfa)2-Ln(hfa)2(H2O)2], onde Ln=Eu(III), Tb(III) ou La(III), hfa = hexafluoroacetilacetonato e 
tfa = trifluoracetato são reportados. O espectro de emissão do [Tb(hfa)2(H2O)2-(µ-tfa)2-
Eu(hfa)2(H2O)2] é dependente da temperatura, com máximo de sensibilidade relativa de 2,4 % 
K-1 à 223 K. Para avaliar os efeitos do ligante em ponte na transferência de energia íon-íon do 
Tb(III) para o Eu(III), a síntese de uma série de complexos homo- ou heterodinucleares com a 
fórmula [Ln1(tfaa)3(tppo)-(-L)-Ln
2(tfaa)3(tppo)] são reportadas, onde tfaa = 
trifluoroacetilacetonato, onde Ln1 and Ln2 podem ser iguais ou diferentes um do outro, Ln = 
Eu(III), Tb(III), Gd(III), e o ligante em ponte L = [(difenilfsforil)(R)](difenill)fosfinóxido, onde 
R = etil ou butil, nomeados como dppeo e dppbo, respectivamente. Nos complexo onde L = 
dppeo, os valores de tempo de vida de emissão diminuem ao substituir um íon Eu(III) ou Tb(III) 
por um Gd(III) nos complexos Eu(III)-Eu(III) ou Tb(III)-Tb(III). Entretanto, no caso dos 
complexos onde L = dppbo, os valores de tempo de vida de emissão não variam com a 
substituição de um íon Eu(III) ou Tb(III) por Gd(III). Nos espectros de excitação dos complexos 
[Tb(tfaa)3(tppo)-(-L)-Eu(tfaa)3(tppo)], a presença da transição 
5D4-
7F6 do Tb(III) quando 
monitorada a banda de emissão 5D0- 
7F4 do Eu(III) em 700 nm é uma evidência para a 
transferência de energia entre o Tb(III) e o Eu(III) nestes complexos heterodinucleares. Além 
disso, quanto menor distância entre Tb(III) e Eu(III) nesses complexos, maior é o tempo de 
vida de emissão do Eu(III). Para o Tb(III), ocorre o oposto. Utilizando-se um LASER de 488 
nm como fonte de radiação, a emissão do Eu(III) praticamente não ocorre à 77 K para os 
complexos de Eu(III)-Eu(III) e Eu(III)-Gd(III). Entretanto, para os complexos 
heterodinucleares de Tb(III)-Eu(III), são observadas bandas de emissão intensas do Tb(III) 
juntamente com bandas de emissão do Eu(III) com baixa intensidade à 77 K, o que também se 
caracteriza como uma forte evidência para a transferência de energia entre Tb(III) e Eu(III). Os 
complexos [Tb(tfaa)3(tppo)-(-L)-Eu(tfaa)3(tppo)] apresentaram espectro de emissão 
dependentes da temperatura e potencialmente podem ser utilizados como termômetros baseados 
em medida raciométrica. Quando L = dppeo, o máximo de sensibilidade relativa de 3,3 % K-1 
à 323 K e opera na região entre 263 K e 323 K, e quando L = dppbo, o máximo de sensibilidade 








In this work, the synthesis of a series of [Ln2(hfa)4(µ-tfa)2(H2O)4] dimeric complexes with 
the formula [Ln(hfa)2(H2O)2-(µ-tfa)2-Ln(hfa)2(H2O)2], where Ln=EuIII, TbIII and LaIII, hfa = 
hexafluoroacetylacetonate and tfa = trifluoracetate, are reported. The [Tb(hfa)2(H2O)2-(µ-tfa)2-
Eu(hfa)2(H2O)2] is temperature-dependent, with maximum relative sensitivity of 2.4 % K
-1 at 
223 K and it is promising for temperature sensing in the range of 183 K to 323 K. In order to 
evaluate the effects of bridge ligand in ion-ion energy transfer from TbIII to EuIII, the synthesis 
of a series of [Ln1(tfaa)3(tppo)-(-L)-Ln
2(tfaa)3(tppo)] homo- or heterodinuclear complexes are 
reported, where tfaa = trifluoroacetylacetonate, where Ln1 and Ln2 may be equal or different 
from each other, Ln = EuIII, TbIII, GdIII, and the bridge ligand 
L = [(diphenylphosphoryl)R](diphenyl)phosphine oxide, where R = ethyl or butyl, labeled as 
dppeo and dppbo, respectively. In the complexes where L = dppeo, the emission lifetime values 
decrease by replacing one EuIII or TbIII ion in the EuIII-EuIII or TbIII-TbIII complexes by one GdIII. 
However, in the case of complexes where L=dppbo, the emission lifetime values do not change 
by replacing one EuIII or TbIII by GdIII. In the excitation spectra of [Tb(tfaa)3(tppo)-(-L)-
Eu(tfaa)3(tppo)] complexes, the presence of 
5D4-
7F6 transition of TbIII when monitored the 
5D0-
7F4 emission band of EuIII at 700 nm is an evidence for energy transfer between TbIII and EuIII 
in these heterodinuclear complexes. Also, the shorter the distance between TbIII and EuIII in 
these complexes, the greater is EuIII lifetime emission. For TbIII, the opposite occurs. By using 
a LASER of 488 nm as the light source, the EuIII emission is not likely to occur at 77 K for EuIII-
EuIII and EuIII-GdIII complexes. However, for heterodinuclear TbIII-EuIII complexes, intense 
emission bands of TbIII are observed altogether with lower intensity EuIII emission bands at 77 
K, what is a strong evidence for energy transfer from TbIII to EuIII, as well. The [Tb(tfaa)3(tppo)-
(-L)-Eu(tfaa)3(tppo)] complexes exhibited temperature-dependent emission spectra and 
potentially could be used as ratiometric thermometers. When L = dppeo, the relative sensitivity 
maximum is 3.3 % K-1 at 323 K and operates in the region between 263 K and 323 K, and when 
L = dppbo, the relative sensitivity maximum is 3.4 % K-1 to 303 K and operates in the region 
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1.1. Applications of Lanthanides Complexes 
The trivalent lanthanide ions complexes have been increasingly investigated and used 
in lighting and light conversion technologies in the last decades due to their optical properties, 
which some of them were pointed out in this project. They have been used in biological assays 
and medical purposes by using visible or near-infrared luminescent markers for cell imaging 
techniques through time-resolved luminescence1, optical fibers2, electroluminescent materials 
in organic light emitting diodes (OLEDs) 3,4, LCD display devices5, lasers6, pH sensing7, UV 
dosimeters8, sensors based on both magnetic9 and optical properties10–12, Metal-organic 
frameworks (MOFs) thermometers3, luminescent nanoparticles13. Additionally, they have been 
used as catalysts14. 
The visible region emitting complexes of lanthanides are widely used as luminescent 
probes in biomedical analyzes, such as SmIII (orange, 𝜆𝑒𝑚  at 590 nm), DyIII (yellow, 
𝜆𝑒𝑚570 nm) but mainly TbIII and EuIII ions with light emission in the green (𝜆𝑒𝑚 at 550 nm) and 
red (𝜆𝑒𝑚 620) regions, respectively, because they have long emission lifetimes
15. 
 
1.2. Fundaments on Lanthanides 
The lanthanum series, belonging to the group of Rare Earths (RE), is characterized by 
an incomplete 4f orbitals filling, except lutetium (Lu). They exist in two electronic 
configurations in the ground state: [Xe] 4𝑓𝑛−15𝑑16𝑠2 and/or [Xe] 4𝑓𝑛6𝑠2. The La, Ce and Gd 
elements are founded mainly in the [Xe] 4𝑓𝑛−15𝑑16𝑠2 configuration, which has the lowest 
energy, whereas the Tb is found in both configurations due to their energy similarities. The 
remained elements are preferably founded in the [Xe] 4𝑓𝑛6𝑠2 configuration16. 
The most common oxidation state of lanthanides is the trivalent ionic configuration, 
represented by the [Xe] 4𝑓𝑛 general expression. All trivalent ions in the lanthanum series have 
unpaired electrons configuration, therefore, they are all paramagnetic, except for the LaIII which 
has empty 4f orbitals and LuIII ions, which has fully filled 4f orbitals. 
The shielding constant of 4f electrons is lower than unity, so the electrons residing in 
the same sub-shell and outer-shell electrons, 5s and 5p partially neutralize the nuclear charge, 
this leads to a steady decrease of the ionic size as the atomic number increases throughout the 
series, due to the increasing of effective nuclear charge that causes the outer electrons to be 





the increasing of the ionization energy, acidity, density and melting point from left to right in 
the series for lanthanide (III) ions9. 
 
1.3. Spectroscopic Properties of Trivalent Lanthanides Ions 
The optically active electrons situated in inner 4f orbitals of LnIII are shielded from 
coordination environment by 5s and 5p orbitals due to their larger radial expansions17, Figure 
1.1. This feature leads to unique spectroscopic properties of LnIII. Thus, the ligand field 
perturbation upon the 4f orbitals is minimal and the trivalent lanthanides bind mostly through 
ionic interactions16. It means that 4f-4f transition energies of LnIII do not differ even when they 
are complexed or inserted in a matrix18. 
 
Figure 1.1. Square of the radial wavefunctions for the 4f, 5s, 5p and 6s energy levels from Hartree-Fock. It was a 
calculation for Gd+. Picture inset schematically shows that the 4f orbital is within the 6s, 5p and 5s levels. Retrieved 
from V.A.G. Rivera, F.A. Ferri and E. Marega Jr. (2012). Localized Surface Plasmon Resonances: Noble Metal 
Nanoparticle Interaction with Rare-Earth Ions, (p. 294) In: Ki Young Kim (ed). Plasmonics, IntechOpen. 
 
There are three main interactions that play important roles in defining the energy of 4f 
states, given in the decreasing sequence of their relative strength: the interelectronic repulsion 
between the electrons in the 4f shell, the spin–orbit coupling as a consequence of the interaction 
between the spin magnetic moment and the magnetic field generated by the movement of 
electron around the nucleus, and the ligand field perturbation due to interactions between 

















Figure 1.2. Energetic structure of a Kramers lanthanide ion in a ligand field evidencing the effect of progressively 
weaker perturbation. The magnetic field effect is estimated assuming a 1 T Field. Adapted from Sorace, L;. 
Gatteschi, D. (2015) Structure and Magnetic Properties of Lanthanide, (p. 8). In: Layfield, R. A.; Murugesu, M. 
(eds) Lanthanides and Actinides in Molecular Magnetism. vol 2. Wiley, Hoboken, New Jersey. 
 
Due to the spin-orbit coupling, the free ion LnIII energy states are described by the 
spectroscopic term 2S+1LJ, where the S is the spin total angular momentum, L is orbital total 
angular momentum, 2S+1 is the spin multiplicity and J is the spin-orbit coupling. According to 
the number of electrons in 4fn shell, J values of the ground state can be: L−S if n<7 or L+S if 
n>7 17. Studies were performed in the literature giving the 4fn energy level diagram of LnIII in 
LaF3 host-lattice, described by this spectroscopic term
21. A partial energy level diagram is 
showed in the Figure 1.3. 
 
Figure 1.3. Partial energy diagrams for the lanthanide aquo ions. The main luminescent emissive levels are drawn 
in red, while the fundamental level is indicated in blue. Retrieved from: J.C.G Bünzli; C. Piguet. Chem. Soc. Rev. 






Once the variation of the internuclear distance between ground and excited states of 
LnIII ions are small, it leads to narrow emission bands due to small Stokes shift of the nuclei 
position from the ground to the excited state, as showed in the Figure 1.4, regardless of the 
ligand field, as a consequence of the shielding effect on 4f electrons by the electrons in the 
external orbitals 5s and 5p. Thus, ligands are rarely bonded to LnIII through 4f orbitals, but 
through electrostatic interactions17. 
 
Figure 1.4. Internuclear distance between ground and excited states as a function of the covalent or ionic character 
of the bond between the sensitizer and the acceptor. Retrieved from Bünzli JC.G., Eliseeva S.V. (2010) Basics of 
Lanthanide Photophysics, (p. 16). In: Hänninen P., Härmä H. (eds) Lanthanide Luminescence. Springer Series on 
Fluorescence (Methods and Applications), vol 7. Springer, Berlin, Heidelberg. 
 
Even though the energy of 4f-4f transitions does not vary significantly by changes in the 
chemical surroundings, the oscillator strength of 4f-4f transitions are, therefore, affected due to 
changes in the micro-symmetry of the complexes built with different ligands22. Under a 
chemical environment, the ligand field potential destroys the spherical symmetry of LnIII free 
ion electronic structure and the energy of (2J+1) degenerate levels of LnIII ions is lifted. Mixing 
between LnIII and ligands orbitals slightly occurs, leading to the splitting of energy levels is in 
the order of a few hundred cm−1 17,19,23. According to the symmetry point group, there are 
maximum numbers of ligand field sublevels, Table 1. Thus, when J is an integer number, the 
mJ splitting pattern in absorption and emission spectra is a suitable spectroscopic feature for the 










Table 1. Number of ligand-field sublevels versus site symmetry and the value of the J quantum 
number23 
Symmetry Site Symmetry 
Integer J 
0 1 2 3 4 5 6 7 8 
Cubic T, Td, Th, O, Oh 1 1 2 3 4 4 6 6 7 
Hexagonal 
Trigonal 
C3h, D3h, C6, C6h, C6v, D6, D6h 
C3, S6, C3v, D3, D3d 
1 2 3 5 6 7 9 10 11 
Tetragonal C4, S4, C4h, C4v, D4, D2d, D4h 1 2 4 5 7 8 10 11 13 
Low C1, Cs, C2, C2h, C2v, D2, D2h 1 3 5 7 9 11 13 15 17 
Symmetry Site Symmetry 
Half-Integer J 
1/2 3/2 5/2 7/2 9/2 11/2 13/2 15/2 17/2 
Cubic T, Td, Th, O, Oh 1 1 2 3 3 4 5 6 6 
All Othersa see above 1 2 3 4 5 6 7 8 9 
a All sublevels are doubly degenerate (Kramer’s doublets) 
 
Three types of electronic transitions occurs involving LnIII ions: sharp 
intraconfigurational 4f-4f transitions, broader 4f-5d transitions and charge-transfer transitions 
(metal-to-ligand transitions, MLCT or ligand-to-metal transitions, LMCT) 17. The ligand field 
geometry (the electrical field symmetry) plays an important role on the lanthanides centered 
transitions intensities, which is explained by the Judd-Ofelt theory: the 4f functions perturbation 
caused by the ligand field normally admixture opposite parity wavefunction through non-
centrosymmetric interactions relaxing the Laporte selection rule and therefore 4f-4f transitions 
become partially allowed and may be described by forced electric dipole (FED) mechanism18. 
Magnetic dipole (MD) transitions are allowed, though, with comparable weak intensity. Much 
weaker. Quadrupolar transitions are allowed, but are usually not observed17. Some FED 
transitions are hypersensitive to the local environment of the LnIII ion and their intensity might 
be enhanced by 100 factor or higher by small angular variations. However, symmetry aspects 
are not the only factor that explains this abnormal high intensity. So, the polarizability of the 
ligating atoms or ions is considered by the Dynamic Coupling (DC) mechanism19. In addition, 






Due to the low oscillator strength of 4f-4f transitions, molar absorptivity () is smaller 
than 10 𝐿 𝑚𝑜𝑙−1 𝑐𝑚−1 and the direct excitation in the LnIII levels, generally does not result in 
intense emission26. In order to overcome this weak light absorption by LnIII, the 
photosensitization or antenna effect has been exploited by several researchers7,11,22,27–32. 
 
1.4. Lanthanide (III) Complexes Luminescence:  
1.4.1. Sensitization Mechanisms 
The antenna effect, Figure 1.5, consists of an indirect excitation of a lanthanide by 
excitation of a high molar absorptivity molecule where the lanthanide ion is bonded, it allows 
photons transfer from these ligands to excited states of lanthanide ions, that ultimately emits 
radiations in certain wavelengths26,33,34. 
When the ligand is excited by photons, it goes from the ground state to the excited state. 
Then, the excited system loses part of its energy by internal conversions (IC), which cause all 
the emissions to emerge from the lowest vibrational energy level in the excited state. From that, 
the energy of the excited system can be released by two paths: radiative route (photon 
emissions) and/or through non-radiative route (vibrational relaxation) in order to decay to the 
ground state26,33,34. 
Basically, the radiative routes maybe defined as fluorescence, consisting of a photon 
emission when the excited electronic population decay from the lowest level of the singlet 
excited state (S1) to the singlet ground state (S0) or an alternative path also may occur, when 
the electronic population in the lowest vibrational level of the singlet excited state have their 
spin inverted, known as the Inter System Crossing (ISC) process, losing part of its energy 
resulting in a triplet state configuration (T1). From the excited triplet state T1, phosphorescence 
may occur. Energy Transfer (ET) processes also may occur, which the energy of electrons in 
the T1 state of the ligand is transferred to an excited state of LnIII ions. Lanthanides normally 
have long emission lifetimes of the excited states26,33,34. 
In general, the relative rates of IC, vibrational relaxation, ISC, fluorescence and 
phosphorescence and back energy transfers (BET) are dependent on the geometric and chemical 
structures of the molecule, the system, the solvents or substrates, the presence of concomitant 






Figure 1.5. Jablonski Diagram illustrating the Antenna Effect for EuIII. Schematic representation of energy 
absorption, migration, emission (plain arrows) and dissipation (dotted arrows) processes in a lanthanide complex. 
1S* or S = singlet state,3T*or T = triplet state, A = absorption, F = fluorescence, P = phosphorescence, k = rate 
constant, r = radiative, nr = nonradiative, IC = internal conversion, ISC = intersystem crossing, ILCT (or IL) = 
intra-ligand charge transfer, LMCT (or LM) = ligand-to-metal charge transfer. Back transfer processes are not 
drawn for the sake of clarity. Retrieved from Lanthanide Luminescence: Photophisical, Analytical, and Biological 
Aspects, (p. 21), by P. Hänninen, H. Härmä, 2011. Berlin: Springer. Copyright® 2011 by Springer. 
 
After excitation of the ligands bonded to the lanthanide ion, the rate at which the energy 
is transferred depends on the level of resonance between the donor levels (D) and the lanthanide 
ion acceptor levels (A). The energy transfer between acceptor and donor can occur through two 
mechanisms: Dexter and Förster, Figure 1.6. 
 
 
Figure 1.6. Energy transfer mechanisms of Dexter (top) and Förster (bottom). Retrieved from Lanthanide 
Luminescence: Photophisical, Analytical, and Biological Aspects, (p. 22), by P. Hänninen, H. Härmä, 2011. 






The intramolecular energy transfer involving the excited states of ligand and LnIII ions 
was studied by MALTA, 200835, and it occurs through exchange (Dexter’s) mechanism (𝑊𝑇𝐸
𝑚𝑡), 
which consists of a mutual double electron exchange between the ligand and the metal ion, 
where the excited electrons from ligand migrate to the excited state of the metal, and ground 
state electrons of the metal go to the ground state of the ligand due to the orbitals overlap 
between the ligand and the metal center. This energy transfer mechanism requires a low 
distance between A and D 36. Or multipole (Förster’s) mechanism (𝑊𝑇𝐸
𝑚𝑚), which the dipole 
moment of T1 state of ligand couples with the dipole moment of the 4f orbitals, for LnIII ions. 
Dipole-multipole also plays an important role in energy transfer on the sensitization of LnIII. 
The ligandmetal transfer rate is given by the sum of the non-radiative energy transfer rates 
through exchange mechanism and the multipole mechanism15,36. 
The excited states of LnIII can also be populated by other processes. For example, it has 
been reported that singlet states can significantly contribute to populate them. Nonetheless, it 
was observed that 2F5/2 level of YbIII ion was populated by ytterbium-centered LMCT states 
through sequential double electron transfer.18 
Internuclear separation between the chromophore and lanthanide ion and spectral 
overlap between them play an important role on the efficiency of energy transfer in the case of 
lanthanide emissions mediated by chromophores, which can be organic molecules or transition 
metal complexes. Regarding the sensitization of polymetallic lanthanide complexes, not only 
chromophore mediated energy transfer to LnIII occurs, but additional processes, such as energy 
transfer through spectral overlapping between two metallic centers (ion-ion energy transfer) 
may take place18 as shown in the scheme below, Figure 1.737. 
 
Figure 1.7. Scheme showing the ion-ion energy transfer from ytterbium to erbium trivalent ions. Retrieved from 
“Fully Efficient Direct Yb-to-Er Energy Transfer at Molecular Level in a Near-Infrared Emitting Heterometallic 
Trinuclear Quinolinolato Complex” by F. Artizzu, F. Quochi, L. Marchio, E. Sessini et. Al, 2013, J. Phys. Chem. 






1.5. Triplet state energy determination of ligands 
A good way to enhance the luminescent properties of lanthanides(III) ions is through 
the Antenna Effect. It is important to consider that the effective energy transfer from the ligand 
triplet state to the lanthanide ion is maximized when energy difference between the triplet 
ligand and the acceptor state of the LnIII is around 2500 𝑐𝑚−1 15. 
The homonuclear gadolinium(III) complexes are useful for the determination of the 
triplet level of the ligands, once energy transfer from ligands to GdIII do not occur because the 
energy of GdIII lowest excited level 6P7/2 is located above the triplet levels of the organic ligands, 
thus, no metal centered emission is observed, but triplet emission occurs (phosphorescence). 
Also, GdIII relaxes the intersystem crossing mechanism by mixing the triplet and singlet states 
due to the heavy atom effect38 and the paramagnetic effect39. Selection rules are relaxed through 
spin-orbit coupling leading the triplet state to acquire singlet character26. Additionally, GdIII 
complexes have geometry/coordination environment similar to EuIII and TbIII complexes40. 
 
1.6. Complexes Design and Ligands Choice 
According to the coordination sphere of the LnIII, different electronic, magnetic and 
photophysical properties are obtained. Reducing the LnIII micro-symmetry by choosing specific 
ligands to control the coordination center symmetry also enhances the luminescence properties 
of lanthanides (III)6,22,40.This dependence of the ligand should be thoroughly exploited in order 
to optimize the property of interest.  
Besides that, chemical, structural and thermodynamical properties control the 
complexes functionalities. Due to the hardness and electropositivity of lanthanide(III) ions, the 
most suitable ligands for the synthesis of their complexes are those coordinated to hard bases, 
which contain large electrostatic components as anionic groups, for example, carboxylate, 
phosphinates, phosphonates and -diketonates. Chelating groups gives stability even in 
aqueous medium due to the entropy driven complexation process of LnIII 34. 
 
1.7. β-Diketone Based Lanthanide (III) Complexes 
The β-diketones or 1,3-diketones bear two carbonyl groups separated by one carbon, which 
is the α-carbon, whereas each carbonyl function can have alkyl group, fluorinated alkyl group, 
aromatic or heteroaromatic group attached to it. Due to the electron donating/withdrawing 
properties of the groups, these substituents may influence the properties of the lanthanide 





influencing the luminescence output from triplet level. Also, a stronger light absorption is 
observed when the ligand is aromatic substituted, instead of aliphatic26. 
These ligands undergo keto-enol tautomerism, Figure 1.8, which depends on the β-
dicarbonyl and α-carbon substituents, solvent, temperature, and hydrogen bonds with other 
species. For instance, when a methyl group replaces the hydrogen in the α-position in 
acetylacetone (acac), the amount of enol form is reduced from 81% to 28%, bulky groups 
reduces to 0%, but chlorine leads to 92% and bromine to 46% of enol species. For substituents 
in the β-positions, the presence of electron-withdrawing groups, such as CF3, phenyl groups, 
favors the enol form. Its percentage decreases with solvent polarity, and with increasing 
temperatures. The deprotonation of β-diketones occurs in the α-position in the keto form or in 
the alcohol group in the enol form (Figure 1.8). The keto proton is more acid than enol proton 
and its acidity increases with electron-withdrawing groups and decreases with electron-
donating groups26. 
 
Figure 1.8. Keto-enol equilibrium in acetylacetone (acac). 
 
Many β-diketones trivalent rare earths complexes exhibit photoluminescence due to 
intraconfigurational f–f transitions in the visible or near infrared regions depending on the 
lanthanide ion, which is enhanced through “antenna effect” upon excitation with ultraviolet 
light in the absorption band of the organic ligand26. 
The luminescence intensity is strongly dependent on the type of β-diketones and on the 
lanthanide ion, once the energy of the lanthanide resonance level should be about 2500 cm–1 
below the triplet state of the ligand. In order to sensitize the EuIII complexes, combined aliphatic 
and aromatic substituents transfer more efficiently to 5D0 and 
5D1 states, however, aliphatic β-
diketones ligands give weak luminescence41. In the other hand, most β-diketones ligands are 
not suitable ligands for TbIII sensitization due to the high energy of its 5D4 level, but just the 
ligands with triplet level energy above 5D4 will transfer energy to TbIII complexes. Strong 
luminescence is observed for di-p-fluorodibenzoylmethane, trifluoroacetylacetone41, 
acetylacetone42 TbIII complexes. 
The triplet state energy of some aromatic β-diketones are shown in comparison with 






Figure 1.9. Energies of triplet states of β-diketonates and related levels of europium and terbium trivalent ions., 
where: BTFA = Benzoyltrifluoroacetone; PCBTFA = p-Chlorobenzoyltrifluoroacetone; ; PBBTFA = p-
Bromoobenzoyltrifluoroacetone; ; PPBTFA = p-Phenylbenzoyltrifluoroacetone; 1NTFA = 1-
Naphthoyltrifluoroacetone; 2NTFA = 2-Naphthoyltrifluoroacetone; 2PTFA = 2-Phenanthoyltrifluoroacetone; 
3PTFA = 3-Phenanthoyltrifluoroacetone; 9ATFA = 9-Anthroyltrifluoroacetone; CTFA = 
Cinnamoyltrifluoroacetone; TTA = 2-Thenoyltrifluoroacetone. Retrieved from “Relations between Intramolecular 
Energy Transfer Efficiencies and Triplet State Energies in Rare Earth β-diketone Chelates ” by S. Sato, M. Wada. 
1970. Bull. Chem. Soc. Jpn., 43, p. 1957. ” . 
 
1.7.1. Retro-Claysen Condensation of β-Diketones: Acetate-Bridged 
Lanthanide (III) Complexes 
The first example of hydrolysis/alcoholysis of -ketoesters and 1,3-diketones44 
activated by catalysts, such as hydrogen chloride and sodium ethoxide at high concentrations 
under heat have been reported by CONNOR and ADKINS (1932). 
RICHARDSON et al. (1967) reported about dimeric lanthanide (III) complex 
coordinated to acetate obtained through the Retro Claysen Condensation of β-diketones, where 
hfa ligand supposedly underwent hydrolysis by de formation of a dihydrate Hhfa-2H2O, 
according to the authors. The [Ln(hfa)2tfa·2H2O]2 complex, where hfa = 
hexafluoroacetylacetone and tfa = trifluoroacetate, was obtained as a by-product of the 
Ln(hfa)3(H2O)2 synthesis, which occurred through the extraction of the chloride solution of 
neodymium (III) by ethereal solution of NH4(hfa), previously prepared from the addition of 
NH4OH into an ethereal solution of Hhfa. After hexane extractions, the remaining residue 
extracted with benzene yielded the dimeric Ln(hfa)2CF3CO2.2H2O
45. 
Acetate bridge ligands were obtained for yttrium (III) complexes from acac β-diketone 





centrosymmetric dimer Y2(OAc)2(acac)4(H2O)2 was synthesized in toluene by the reaction of 
Y5O(O
iPr)l3 and an excess of acac for 24 hours. According to the authors, retro-Claysen 
condensation is responsible for the generation of acetate which is induced by trace of alkoxo or 
hydroxo anions which are stabilized by basic medium. Water molecules required for this 
reaction might be generated from oxo ligand and also from further esterification reaction. In 
the final product, Y2(OAc)2(acac)4(H2O)2, the water molecules in the coordination sphere may 
induce spontaneous hydrolysis upon dissolution46. 
Additionally, DRAKE et al. (1994) unexpectedly obtained {[Tb2(hfa)4(-
tfa)2(H2O)4][Tb(hfa)3(H2O)2]2·H2O} by dissolving NaOH in methanol and mixing with an 
excess of hfa in methanol followed by the addition of aqueous terbium (III) chloride stirring 
over 20 minutes47. 
 
1.8. Molecular Thermometers 
In a thermometer, the temperature is indicated indirectly by monitoring variations of a 
given parameter, , which is temperature-dependent, such as electrical current, light intensity, 
peak shifts, etc. The sensitivity of a system gives the information regarding the smallest 
variation of the parameter according to the temperature that can be detected in the system, in 
other words, the change rate of the thermometric parameter. However, in order to allow 
quantitative comparison between different systems, the relative sensitivity, Sr, is obtained 








|            (eq. 1) 
Where  is the thermometric parameter, T is the temperature. Sr is given in units of K−1 
or °C−1.). 
The luminescent thermometers are optical devices that allow contactless temperature 
measurement by variation of photophysical properties, such as emission wavelength, emission 
intensity of a transition, or lifetime emission as a function of temperature48. Non-radiative 
transitions are the main reason for the emission intensity decrease according to the temperature, 
when the energy gap is short48. These systems can be based on the Raman, FT-IR, UV-Vis, 
emission spectra and other radiations and be made of organic dyes, polymers and proteins, 
quantum dots, LnIII-MOF’s (where MOF = metal organic framework), LnIII complexes, LnIII 





In order to overcome de dependence on fluctuations of source excitation intensity, 
concentration of the emitter, presence of quenchers in the medium and the sensitivity of the 
detector in systems based on a single signal, a ratiometric thermometer system might be used, 
once it is based on the ratio between the intensity of two signals, thus, it is self-referenced and 
there is no need for calibration. In principle, any emission peak might be chosen, however, due 
to experimental issues, it is desirable that both emission wavelengths of the peaks are near to 
each other48. 
 
1.9. Lanthanide (III) Complexes in Molecular Thermometers 
 
Among the luminescent thermometers, the trivalent lanthanide ion complexes play an 
important rule due to its inherent properties previously discussed, related to the slight variations 
of emission bands energies with the environment medium. Its fingerprint emission pattern 
makes easy to predict the LnIII spectra and the identification/differentiation from other materials 
becomes simpler48. 
A Self-Calibrated LnIII-MOF based thermometer was built by RAO et. Al (2013) with 
two different lanthanides centers, EuIII and TbIII ions and organic molecules, by doppint the 
TbPIA framework with EuIII generating (Tb0.9Eu0.1(PIA)(HPIA)(H2O)2.5, where H2PIA = 5-
(Pyridin-4-yl)isophthalic acid12. Through energy transfer from the ligand to TbIII and, 
subsequently, to EuIII, it was observed that the emissions of these lanthanides are temperature-
dependent and that the emission intensity of the TbIII ions decreases, while that of the EuIII 
increases in the range of 100 to 300 K. The advantages over the conventional thermometers are 
no need of calibration, fast response, non-invasive measurement, fast-moving objects analysis, 
accurate, high spatial resolution, and work in the presence of strong magnetic field12. 
Another promising luminophore was designed by MIYATA et. Al (2013) for 
temperature sensing based on a thermally stable coordination polymer, that showed energy 
transfer from TbIII 5D4 level (20,500 𝑐𝑚−1) to EuIII 5D0 level (17,200 𝑐𝑚−1) excited states and 
also to the triplet level (20,000 𝑐𝑚−1) of hfa ligand (hfa = 1,1,1,5,5,5-hexafluoropentane-2,4-
dione) and back energy transfers to TbIII due to the similar energy of their emitting levels. The 
emission intensity of TbIII (5D4→
7F5) at 543 nm sharply decreased with temperature while the 
emission intensity of EuIII (5D0→
7F2) at 613 nm slightly increased. The polymer exhibited 
brilliant green, yellow, orange, and red photoluminescence under UV irradiation (365 nm) at 





as the bridge ligand between TbIII and EuIII centers. A thermosensing and color tuning 
performance were obtained based on the different emission pathways that the system assumes 
by varying the temperature, achieving high sensitivity and high quantum yield7.  
 
Figure 1.10. Energy transfer/back transfer in coordination polymer of TbIII and EuIII (a); and Temperature-
dependent emission spectra in the range of 200 – 450 K under irradiation at 380 nm (b). Retrieved from 
“Chameleon luminophore for sensing temperatures: Control of metal-to-metal and energy back transfer in 
lanthanide coordination polymers.” by Miyata, K.; Konno, Y.; Nakanishi, T.; et al. 2013. Angew Chemie;52, 
p.6413,6415. 
 
HATANAKA et al. (2017) studied the effect of phosphine oxides organic linkers in the 
thermosensitivity of coordination polymer of TbIII and EuIII. By increasing the temperature, TbIII 
emission intensities decrease while the intensity of EuIII emission bands do not vary, once the 
quenching of the LnIII excited state via ISC between the hfa triplet state and ground state was 
responsible for this effect. It was found that the energy transfer from TbIII to EuIII in this system 
with a long distance of 13.6 Å among them, the energy barrier of the linker-centered triplet state 
is determinant. Thus, it was proposed that thermosensitivity can be tuned by the triplet states 
energies of the bridge ligand and the main ligand49. 
The best organic ligands to sensitize EuIII and TbIII and consequently improve their 
emissions must have their triplet state energy between 20,000 and 25,000 cm-1 22,40. In this 
project, in order to evaluate the energy transfer from TbIII to EuIII in heteroleptic heterodinuclear 
complexes, the tfaa and hfa -diketones where chosen (where tfaa = 1,1,1 trifluoropentane-2,4-
dione or trifluoracetylacetone and hfa = 1,1,1,5,5,5-hexafluoropentane-2,4-dione or 
hexafluoracetylacetone) due to the higher energy values of their triplet states of 22,720 cm−1 
and 22,200 cm−1, respectively, compared to the lower energy of the emissive levels 5D4 of TbIII 
(20,500 cm−1) and 5D0 of EuIII (17,200 cm−
1), Figure 1.11. It has been reported in the 
literature22,50 that back energy transfer occurs when ligand 𝑇1  energy level is too close to 











Figure 1.11. Partial energy diagram of TbIII and EuIII with their respective emission lines and energy transfer from 
TbIII and EuIII. Adapted from “Photoluminescence properties and energy transfer of 
Ba2Lu(BO3)2Cl : Eu2+/Eu3+,Tb3+ phosphors” by Xia, Z.; Zhuang, J.; Liu, H.; et al. 2011. Journal of Physics D: 
Applied Physics; 45(1), p.1-7. 
 
 
The literature shows several works regarding energy transfer within heteronuclear 
lanthanide (III) complexes7,29,30,5152. However, few of them show the energy transfer efficiency 
as a function of the distance between the emitting centers22. In this context, studies have been 
carried out in our research group for systems containing YbIII and ErIII for investigation of 
possible energy transfer between the two metallic centers by using phosphine oxides15. 
In this work several heterodinuclear and homodinuclear complexes were prepared using  
-diketone ligands, as photosensitizers for TbIII or EuIII ions, and two different phosphine oxide 
based ligands were also used; the first one monodentate as protector/sensitizer ligand and the 
second one, a bis-phosphinoxide ligand used as a bridge ligand between TbIII and EuIII centers. 
Therefore, the main objective of this work concerns about the evaluation of the ion-ion energy 
transfer efficiency from TbIII to EuIII and emission lifetimes as a function of donor/acceptor 
distances adjusted by the length of the bridge phosphine oxide ligand, that in turn, will be 







 The objective of this work consists on the synthesis and studies of the photophysical 
properties of two systems of heterodinuclear lanthanides (III) -diketone based complexes. The 
first system is dimeric, represented by a with the general formula [Tb(hfa)2(H2O)2-(-tfa)2-
Eu(hfa)2(H2O)2], where hfa = hexafluoroacetylacetonate, tfa = trifluoroacetate. The second is a 
bridged system, represented by the general formula [Tb(tfaa)3(tppo)-(-L)-Eu(tfaa)3(tppo)], 
where tfaa = trifluoroacetylacetonate and L = [(diphenylphosphoryl)R](diphenyl)phosphine 
oxide, where R = ethyl or butyl, labeled as dppeo or dppbo, respectively, in order to evaluate 
the efficiency of the energy transfer processes between TbIII and EuIII, the emissions intensities 






3. EXPERIMENTAL SECTION 
3.1. Synthesis 
3.1.1. Synthesis of the LnCl3.xH2O Salts 
The synthesis of the complexes [LnCl3.xH2O], which Ln = EuIII, GdIII and LaIII 
were performed by the conversion of the respective lanthanide (III) oxide (Ln2O3) into 
lanthanide(III) chloride according to the Equation 1. 
Ln2O3(s) + 6 HCl(aq) → 2 LnCl3(aq) + 3 H2O(l)     (Eq. 1) 
In a 100 ml Becker, about 2 mmol of europium (III) oxide (Eu2O3) was suspended 
in deionized water at 80ºC for 10 minutes. HCl 37 % (m/m) was dropwise added for the 
complete solubilization of the oxide. 
In the case of terbium oxide(III, IV), the obtention of terbium (III) chloride was 
obtained according to the Equation 2. 
Tb4O7(s) + H2O2(aq) + 12 HCl(aq) → 4 TbCl3(aq) + 7 H2O(l) + O2(g)      (Eq. 2) 
Hydrogen peroxide (100 vol.) was added into 1 mmol of the oxide suspended in 
hot deionized water for total reduction of terbium(IV) to terbium(III) and HCl 37 % (m/m) 
was dropwise added.  It was let to stir until total dissolution of the brown suspension into 
transparent solution. 
The lanthanide(III) chlorides in the solid form were obtained by a repeated process 
of addition of deionized water and evaporation at 80 ºC until the pH of the solution in the 
eminence of complete evaporation was adjusted from 4.5 to 5. Then, by evaporating the 
chloride until dryness under vigorous stirring, the solid lanthanide(III) chlorides were 
obtained and reserved for further titration. 
In order to obtain the molecular weight of the lanthanide(III) chloride powder, a 
weighted mass was diluted into a known volume and complexometric titration of at least 
three aliquots of 2.00 mL of the LnIII solution was performed by diluting into 20.00 mL 
acetic acid/acetate buffer solution (pH = 5.71), by using xylenol orange disodium salt 
dissolved in KBr (5% m/m) as a colorimetric indicator and a 0.100 mol L−1 solution of 
the disodium salt of ethylenediaminetetraacetic acid (EDTA) as titrant. In this process, 
with the addition of the indicator, the solution turned purple, and the end of the titration 






3.1.2. Synthesis of hfa β-diketone Based Precursors Complexes 
The [Ln(hfa)3(H2O)2] precursors complexes, which Ln = EuIII, TbIII or LaIII, hfa = 
1,1,1,5,5,5-hexafluoropentane-2,4-dione or hexafluoracetylacetone, were synthesized 
following a procedure in the literature47 with some adjustments. In a round bottom flask 
containing 15 mL of dry methanol under reflux, 3.00 mmol of solid sodium methoxide 
(NaOMe) were added under stirring and a white suspension was obtained. Then, 
equimolar amount of hfa ligand was added in order to deprotonate the hfa and the 
solubilization of the solid was immediately observed. After 20 minutes, 0.959 mmol of 
LnCl3.xH2O was weighted and solubilized in 15 mL of methanol and added to the reaction 
mixture and it was allowed to stir overnight. The reaction is shown in Figure 3.1. After 
that, the solvent was removed under air flux. Finally, the precursor complex was purified 
by dissolving the product in diethyl ether, which solubilized the complex separating it 
from solid salts obtained as side products. Single crystals were obtained from slow 
evaporation of 1:3 (v/v) diethyl ether/hexane mixture. 
 
Figure 3.1. Synthesis of mixed complexes [Ln2(hfa)4(tfa)2(H2O)4] and [Ln(hfa)3(H2O)2]. 
 
3.1.3. Synthesis of hfa β-diketone Based Heterodinuclear Dimeric Complex 
[TbEu(hfa)4(μ-tfa)2(H2O)4] 
The [TbEu(hfa)4(μ-tfa)2H2O)] heterodinuclear complex, where hfa = 1,1,1,5,5,5-
hexafluoropentane-2,4-dione or hexafluoracetylacetone, was synthesized following a 
procedure in the literature47 with some adjustments. In a round bottom flask containing 
15 mL of dry methanol under reflux, 3.00 mmol of solid sodium methoxide (NaOMe) 
was added under stirring and a white suspension was obtained. Then, equimolar amount 





solid was immediately observed. After 20 minutes, 0.50 mmol of TbCl3.xH2O and 0.50 
mmol of EuCl3.xH2O powder were solubilized in 15 mL of methanol and added to the 
reaction mixture. It was allowed to stir overnight under reflux. The reaction is shown in 
Figure 3.2. After that, the solvent was removed under air flux. Finally, the complex was 
purified by dissolving the product in diethyl ether, which solubilized the complex 
separating it from solid salts obtained as side products. Single crystals were obtained from 
slow evaporation of diethyl ether/hexane mixture. 
 
Figure 3.2. Synthesis of precursors complexes [TbEu(hfa)4(μ-tfa)2H2O)4]. 
 
3.1.4. Synthesis of the Mononuclear [Ln(hfa)3(tppo)2] Complexes 
In a reflux system, 0.100 mmol of lanthanide(III) as [Ln2(hfa)4(μ-tfa)2H2O)] and 
[Ln(hfa)3(H2O)2] mixed complexes, with Ln = EuIII or TbIII, was dissolved in ethanol. To 
the resulting solution, 0.100 mmol of triphenylphosphine oxide (tppo) in ethanol was 
slowly dripped into the reactional flask under stirring. The solution was refluxed at 80 °C 
for about 8 hours. Then, the solvent was evaporated under air flux and crystals were 
obtained through recrystallization slow evaporation in CH2Cl2/Hexane, Figure 3.3. 
 






3.1.5. Synthesis of the Precursor [Ln(tfaa)3(H2O)2] Complexes 
The [Ln(tfaa)3(H2O)2] precursor complex, which Ln = EuIII, TbIII, LaIII or GdIII, 
tfaa = 1,1,1-trifluoro-2,4-pentanedione or trifluoracetylacetone, were synthesized, Figure 
3.4, following a well-defined procedure in the literature53 . In 5 mL of distilled water, 6.0 
mmol tfaa ligand was added followed by the dropwise addition of 6.0 mmol concentrated 
NH4OH under stirring. In a separate Becker, 2 mmol LnCl3 aqueous solution had its pH 
adjusted nearly to 5 by addition of diluted NH4OH solution. After the tfaa solution was 
added into the LnCl3 solution, the pH was adjusted again nearly to 5 and precipitation 
was observed. The system was stirred for overnight. The product was filtrated with water 
10 times and vacuum dried (yield: 87%). 
 
Figure 3.4.Synthesis of precursors complexes [Ln(tfaa)3(H2O)2]. 
 
3.1.6. Synthesis of the Mononuclear [Ln(tfaa)3(tppo)(H2O)] Complexes 
The synthesis was performed according to the procedure in the literature with 
some adjustments15,32,53. 0.10 mmol of [Ln(tfaa)3(H2O)2], with Ln = EuIII, Tb or GdIII, was 
weighted and dissolved in 3 mL of dichoromethane (DCM). To the resulting solution, 
equimolar amounts of triphenylphosphine oxide (tppo) dissolved in 3 mL of DCM and 
slowly dripped into the reactional flask under stirring. The reaction ran for 2 hours at 
room temperature. Then, recrystallization with CH2Cl2/Hexane (1:3 v/v) was performed 
by slow evaporation, giving white crystals (yield: 92 %), Figure 3.5. 
 
Figure 3.5. Synthesis of mononuclear complexes [Ln(tfaa)3(tppo)(H2O)]. 
 
3.1.7. Synthesis of the Phosphine Oxides Bridge Ligands L 
The syntheses of the phosphine oxides bridge ligands 
L = [(diphenylphosphoryl)R](diphenyl)phosphine oxide (R = ethyl or butyl), or simply, 
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ethane or butane, labeled as dppe and dppb, respectively, were performed based on the 
procedure reported in the literature54 with some adjustments. In these reactions, Figure 
3.6, the phosphines were oxidized in the presence of dropwise added H2O2 in toluene for 
30 min at 0 ºC and isolated. White precipitates were obtained, which were separated by 
filtration, washing with water and then with ether, and by drying at the oven (yield: 68 
%). 
 
Figure 3.6. General synthesis of the bridge ligands L = dppeo and dppbo. 
 
3.1.8. Synthesis of the Homodinuclear Bridged Complexes [Ln(tfaa)3(tppo)-(-
L)-Ln(tfaa)3(tppo)]  
The synthesis of the homodinuclear bridged complexes were performed according 
to the literature with some adjustments15. 0.20 mmol of [Ln(tfaa)3(tppo)(H2O)], with Ln 
= EuIII, Tb or GdIII, was weighted and dissolved in 3 mL of DCM. To the resulting solution, 
0.10 mmol of bridge ligand L = dppeo or dppbo was dissolved in a minimum amount of 
DCM and slowly dripped into the reactional flask under stirring. The reaction ran for 
17 hours at room temperature. For the purification, the solvent was dryed under reflux, 
washed with ethyl ether and the product was centrifuged. The remaining solid was 
recrystallized with CH2Cl2/Hexane (1:3 v/v) by slow evaporation, giving white crystals 
(yield: 47 %), Figure 3.7. 
 
Figure 3.7. Synthesis of mononuclear complexes [Ln(tfaa)3(tppo)-(-L)- Ln(tfaa)3(tppo)], where L = dppeo 






3.1.9. Synthesis of the Heterodinuclear Bridged Complexes [Ln1(tfaa)3(tppo)-(-
L)-Ln2(tfaa)3(tppo)] 
The synthesis of the heterodinuclear bridged complexes were performed 
according to the literature with some adjustments15. 0.10 mmol of 
[Ln1(tfaa)3(tppo)(H2O)] and 0.10 mmol of [Ln
2(tfaa)3(tppo)(H2O)], where Ln
1 differs 
from Ln2, were separately weighted and dissolved in 3 mL of DCM each, in order to yield 
the heterodinuclear bridged complex [Ln1(tfaa)3(tppo)-(-L)- Ln
2(tfaa)3(tppo)], where 
Ln1-Ln2 = EuIII-GdIII, TbIII-GdIII or EuIII-TbIII, and L = dppeo or dppbo. To the resulting 
solution, 0,10 mmol of bridge ligand L was dissolved in a minimum amount of DCM and 
slowly dripped into the reactional flask under stirring. The reaction ran for 17 hours at 
room temperature. The product was purified by drying the solvent under air flux, then, 
the solid was washed with ethyl ether and the product was centrifuged three times. The 
remaining solid was recrystallized with CH2Cl2/Hexane (1:3 v/v) by slow evaporation, 
giving white crystals (yield: 45 %), Figure 3.8. 
 
Figure 3.8. Synthesis of mononuclear complexes [Ln(tfaa)3(tppo)-(-L)-Ln(tfaa)3(tppo)], where L = dppeo 
or dppbo, Ln1  Ln2, where Ln1-Ln2 = EuIII-GdIII, TbIII-GdIII, EuIII-TbIII. 
 
3.2. Instrumentation 
3.2.1. Single Crystal X-Ray Diffraction 
Data collection was performed using an APEX CCD Bruker diffractometer with 
molybdenum Kα radiation of 0.71073 Å at 150 K (graphite crystal monochromator, φ 
and ω scans). Cell refinement and data reduction were performed with SAINT. The 
crystal structure was solved by direct methods employing SHELXLT XT (version 






3.2.2. FT-IR Spectroscopy 
The infrared vibrational spectra of the ligands and complexes in the solid state 
were recorded on an Agilent Cary 600 Series FTIR Spectrophotometer (660) in the range 
of 4000 to 400 with a resolution of 4 or 2 𝑐𝑚−1 using an ATR accessory. 
 
3.2.3. Photoluminescence Spectroscopy 
For photophysical properties studies of the complexes, it was used a Fluorolog-3 
spectrofluorometer (Horiba FL3-22-iHR320) with double-gratings (1200 grooves/mm, 
330 nm blaze) in the excitation monochromator and double-gratings (1200grooves/mm, 
500nm blaze) in the emission monochromator. An ozone-free xenon lamp of 450 W 
(Ushio) was used as a radiation source. A 150 W pulsed xenon lamp was used as a source 
of excitation in the emission lifetimes measurements of the complexes using a TCSPC 
system. A coherent 488 nm Laser (Sapphire-SF) 12 V was used as light source at 7.5 mW 
in order to collect emission spectra. A photomultiplier (Hamamatsu R928P) operating at 
950V was used to collect spectra in the ultraviolet and visible regions, which were 
corrected according to the optical system of the emission monochromator and the 
photomultiplier response. The emission and excitation spectra were carried using the 
front face mode at 22.51°. Time-resolved phosphorescence emission spectra of the 
gadolinium (III) complexes were obtained at about 77 K using a TCSPC system with 
successive delay increments, in order to get only emission bands from triplet levels of the 
ligand. The emission decay curves were obtained with a flash 150 W xenon lamp using a 
TCSPC system. The temperature-dependent luminescence spectra and emission lifetime 
data were obtained using a cryostat (Janis Research Company VNF-100) coupled to the 
spectrofluorimeter using 10 minutes of stabilization at each temperature.  
 
3.2.4. Judd-Ofelt Parameters for Europium (III) Complexes 
For the complexes containing the EuIII ion, the experimental  ( λ = 2,4) Judd-
Ofelt parameters, the radiative Arad and non radiative Anrad emission rates, the 
luminescence quantum efficiency  will be obtained through the LUMPAC® software55. 
3.2.5. Nuclear Magnetic Resonance 
1H, 9F and 31P-NMR spectra were acquired on Bruker model spectrometers: 
Advance III of 500 and 400 MHz and Advance DPX 250 MHz. Chemical shifts are given 





4. RESULTS AND DISCUSSION 
4.1. hfa β-DIKETONE BASED COMPLEXES 
4.1.1. Single Crystal X-Ray Diffraction 
Regarding the synthesis of the complexes of [Ln2(hfa)4(μ-tfa)2(H2O)4], where Ln 
= EuIII, TbIII or LaIII, it was initially expected that three hfa ligand molecules would 
coordinate the trivalent lanthanide ion. Unexpectedly, it was observed in the single crystal 
X-ray structures that two hfa ligands and one trifluoracetic acid (tfa) were coordinated, 
as shown in the Figure 4.1, altogether with the coordination polyhedra. The mechanism 
of this dimeric complex formation from -diketone ligands was reported in the 
literature46. Disorder in DRX data are observed in some fluorine and carbon bond due to 
rotation. 
  
     
Figure 4.1. Dimeric unit (up) and coordination polyhedron (down) of [Ln2(hfa)4(μ-tfa)2(H2O)4] complexes, 
where: Ln = (a) EuIII; (b) TbIII; and (c) LaIII using thermal ellipsoids at the 50% probability level (light 
green = Europium, green = Therbium, navy = Lanthanium, red = Oxygen, lemon= Fluorine, gray = Carbon, 
white = Hydrogen). 
 
The LnIII ions are connected by the tfa double bridges, with distance between LnIII 
centers for Eu01-Eu01 of 4.472 Å, Tb01-Tb01 of 4.602 Å and La01-La01 of 4.491 Å. 
Once the TbIII has the smallest radius, greatest steric effect may occur, thus the TbIII 
dimeric complex is octa-coordinated, while the others are nine-coordinated. The micro-
symmetry of these dimeric complexes are distorted C2v whether the coordination number 
is 8 for TbIII or 9 for EuIII and LaIII. Packing of the dimeric unit cell are showed in the 
Figure 4.2. 















Figure 4.2. Packing of the units cell of the dimeric [Ln2(hfa)4(μ-tfa)2(H2O)4] complexes, where: Ln = (a) 
EuIII; (b) TbIII; and (c) LaIII using thermal ellipsoids at the 50% probability level (cyan = Lanthanied, red = 
Oxygen, yellow = Fluorine, gray = Carbon). The hydrogen atoms were omitted for clarity. 
 
Single crystal XRD of the heteroleptic complex of [Tb(hfa)2(H2O)2-(-tfa)2-
Eu(hfa)2(H2O)2] was obtained and showed a distorted C2v micro-symmetry of 
coordination polyhedron, was well, in the Figure 4.3. The distance between Tb01-Eu01 
is 4.5093 Å, which is an intermediate value compared to the homodinuclear dimeric 
complexes of [Eu2(hfa)4(μ-tfa)2(H2O)4] and [Tb2(hfa)4(μ-tfa)2(H2O)4]. 
 
Figure 4.3. Dimeric unit (up) and coordination polyhedron (down) of [Tb(hfa)2(H2O)2-(-tfa)2-
Eu(hfa)2(H2O)2] complex using thermal ellipsoids at the 50% probability level (light green = Lanthanides, red 
= Oxygen, lemon= Fluorine, gray = Carbon, white = Hydrogen). 
 
It is possible that a mixture of both the required precursor [Ln(hfa)3(H2O)2] and 
forementioned binuclear complexes were obtained, once the subsequent reaction of 
precursor complexes with tppo ligand has given single crystals of [Ln(hfa)3(tppo)2], with 
distorted micro-symmetry C4v of coordination polyhedra as shown in the Figure 4.4. 
These results are promising but must be further investigated. 
 
Figure 4.4. Asymmetric units (left) and coordination polyhedron (right) of (a) [Eu(hfa)3(tppo)2] and (b) 
[Tb(hfa)3(tppo)2] complexes using thermal ellipsoids at the 20% probability level (green = Lanthanide, red 
= Oxygen, lemon = Fluorine, purple = Phosphor, gray = Carbon, white = Hydrogen). 
(a) (b) 

















All crystallographic data of the [Ln2(hfa)4(μ-tfa)2(H2O)4] altogether with the 
disubstituted [Ln(hfa)3(tppo)2] complexes are reported in the Table 2.  
 
Table 2. Crystallographic data and structure refinement of the the hfa -diketone based 






























Formula weight 1430.26 1445.40 1404.16 1437.22 1185.55 1192.51 
Temperature 150 K 150 K 150 K 150 K 150 K 150 K 
Wavelength 0.71073 Å 0.71073 Å 0.71073 Å 0.71073 Å 0.71073 Å 0.71073 Å 
Crystal system Monoclinic Triclinic Monoclinic Monoclinic Monoclinic Monoclinic 
Space group P21/n P1 P21/n P21/n P21/c P21/n 































































2089.1(2)Å3 2033.7(3)Å3 5257.7(5)Å3 5457.2(9)Å3 
Z 2 4 4 2 4 4 













3.26 mm−1 6.86 mm−1 17.82 mm−1 3.46 mm−1 1.36 mm−1 1.46 mm−1 
F(000) 1360 744 1520 1364 2344 2352 
Crystal Size 0.33 x 0.10x 
0.07 mm 
0.37 × 0.08 
× 0.05 mm 
0.19 × 0.06 
× 0.06 mm 
0.254 x 0.161 
x 0.057 mm 
0.212 x 0.216 
x 0.282 mm 
0.138 x 0.175 
x 0.240 mm 
Theta range for data 
collection 
1.5-28.3° 1.8–28.3° 4.7–69.3° 1.5–30.5° 1.6–29.2° 1.5–28.3° 



































Multi-Scan Multi-Scan Multi-Scan Multi-Scan Multi-Scan Multi-Scan 











































Goodness-of-fit on F2 1.114 1.065 1.043 1.196 1.0580 1.0260 






























Largest diff. peak 
and hole 
5.73 e Å−3 
and −0.96 e 
Å−3 
0.56 e Å−3 
and −1.03 e 
Å−3 
8.52 e Å−3 
and −0.99 e 
Å−3 
2.09 e Å−3 and 
−0.98 e Å−3 
0.87 e Å−3 
and −1.17 e 
Å−3 
0.93 e Å−3 
and −0.68 e 
Å−3 
 
The approximated micro symmetry site of the dimeric complexes with the formula 
[Ln(hfa)2(H2O)2-(-tfa)2-Ln(hfa)2(H2O)2] obtained in this work altogether with the 
disubstituted [Ln(hfa)3(tppo)2] complexes, calculated by Continuous Shape Measures 
(CShM), can be seen in the Table 3. 
 































4.1.2. Nuclear Magnetic Resonance 
4.1.2.1. [La2(hfa)4-(-tfa)2(H2O)4]  
In order to investigate the unexpected results regarding the synthesis of 
[La2(hfa)4-(-tfa)2(H2O)4], decoupled 
9F was performed, Figure 4.5. 
  
Figure 4.5. Decoupled 9F-NMR in CDCl3-d of [La2(hfa)4(μ-tfa)2(H2O)4]. 
 
The obtained results showed that the synthesis of the LaIII complex leads to two 





from hfa and the other to the fluorines from tfa, which are in agreement with the 
observed X-ray structures for the complexes of EuIII, TbIII, GdIII and LaIII, previously 
exhibited in the topic 4.1.1. 
 
4.1.3. FT-IR Spectroscopy 
The hfa ligand and its sodium salt were characterized by infrared spectroscopy, 
in order to evaluate keto-enolic tautomers and they were compared with the hfa based 
complexes, shown in the Figure 4.6. 
 
Figure 4.6. Vibrational spectra in the infrared region of the protonated Hhfa ligand as enol (black) and 
Nahfa salt as a ketone (dark blue), the mixed complexes [Ln2(hfa)4-(-tfa)2(H2O)4] [Ln(hfa)3(H2O)2] of 
TbIII (green), EuIII (red) and [Tb(hfa)2(H2O)2-(μ-tfa)2-Eu(hfa)2(H2O)2] (light blue) in full (a) and inset (b). 
 
In the Figure 4.6, the protonated Hhfa ligand spectrum shows a band at 1187 
cm-1 indicating that the enolic form is predominant, which is favored by the presence of 
electron-withdrawing groups in the β-positions, such as CF3. In the case of 
hexafluoroacetylacetone, 100% is in the enol form26. It occurs due to the conjugation in 
the molecule and the intramolecular hydrogen bond, which stabilizes this isomer. 
However, when deprotonated, the hfa ligand assumed mainly the ketone form and its 
FT-IR spectrum shows a band at 1668 cm-1 due to antisymmetric stretch of the C=O 
bond. It represents a shift of 481 cm-1 to the higher energy region. After coordinating, 
4000 3500 3000 2500 2000 1500 1000 500








































































the ketone group of hfa with Ln centers, the band assigned to the C=O stretch shifted to 
lower energy region and splitted into two components at 1646 and 1618 cm-1 evidencing 
the coordination bond formation with two different ligands hfa and tfa. In addition, 
coupled vibrations  C=C +  C=O are observed as two bands at 1539 and 1565 cm-1 
and a bending mode coupled to carbonyl vibration d C-H +  C=C at 1457 cm-1. The 
bands between 1097 and 1254 cm-1 are due to coupled vibrations  C-F3+ d C-H
56. 
 
4.1.4. Triplet State Energy Determination of the Ligands 
4.1.4.1. [Gd(hfa)2(H2O)2-(μ-tfa)2-Gd(hfa)2(H2O)2] 
The time resolved phosphorescence spectra at 77 K was performed in order to 
obtain the triplet state energy of the ligand. It was determined by deconvolution of the 
emission band into Gaussians which corresponds to the vibronic bands and the 
maximum of the most energetic Gaussian, the zero-zero phonon, is considered to be the 
energy of the triplet state, as showed in the Figure 4.7. The energy of triplet state of the 
hfa ligand in [Gd(hfa)2(H2O)2-(μ-tfa)2-Gd(hfa)2(H2O)2] complex is 22179 cm−
1. 
 
Figure 4.7. Time resolved phosphorescence spectra of the [Gd(hfa)2(H2O)2-(μ-tfa)2-Gd(hfa)2(H2O)2] 
complex (a); and the emission spectrum deconvolution at delay of 0.53 ms (b). 
 
4.1.5. Photoluminescence Spectroscopy 
The photoluminescence spectra of the complexes were recorded in the solid state, 
by the acquisition of stationary excitation and emission spectra monitoring in the 
wavelengths of greater emission intensities and by acquisition of emission lifetime 
studies, as well. 
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T(2) = 22179 cm-1
4 - 5 = 1301 cm
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4.1.5.1. hfa β-diketone Based Complexes 
The photoluminescence spectra of the mixed complexes [Eu2(hfa)4-(-
tfa)2(H2O)4] and [Eu(hfa)3(H2O)2] mixed complexes were obtained by monitoring the 
most intense emission/excitation transitions, shown in the Figure 4.8(a,c). The spectra 
of the [Eu(hfa)3(tppo)2] complex were as well, shown in the Figure 4.8(b,d). 
 
 
Figure 4.8. Excitation spectra of [Eu2(hfa)4-(-tfa)2(H2O)4] and [Eu(hfa)3(H2O)2] mixed complexes (a); 
and [Eu(hfa)3(tppo)2] (b) in the solid state at 293 K. Emission spectra of the  [Eu(hfa)3(H2O)2] and 
[Eu2(hfa)4-(-tfa)2(H2O)4] mixed complexes (c); and [Eu(hfa)3(tppo)2] (d). The inset shows the magnified 
5D0→7F0 and 5D0→7F2 peaks. 
 
In the Figure 4.8, the excitation spectra of the EuIII complexes show a broad 
band between 250 and 450 nm, though weakly intense, assigned to the excitation of the 
electronic levels of the ligand hfa, *←. The low intensity of ligand centered 
excitation band suggests that the EuIII is weakly sensitized by the antenna effect due to 
the high energy gap of 4979 cm−1 between the triplet level of hfa and the 5D0 level of 
EuIII. Also, the direct excitation of the EuIII is observed in the Figure 4.8(a) by the 
presence of the intraconfigurational transition 5D2←
7F0 at 464 nm (21551 cm
−1) as a 
narrow band. The less intense is the 5D2←
7F0 transition compared to excitation ligand 
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band, the more likely the 5D0 emissive state is populated by energy transfer from the 
ligand.  
The five expected emission bands are observed for all EuIII complexes. For 
[Eu(hfa)3(H2O)2] and [Eu2(hfa)4-2-(tfa)2(H2O)4] mixed complexes, Figure 4.8(a), they 
are assigned to 5D0→
7F0 (17286 cm
−1; 579 nm), 5D0→
7F1 (16835 cm
−1; 593 nm), 
5D0→
7F2 (16326 cm
−1; 612 nm), 5D0→
7F3 (15384 cm
−1; 650 nm) and 5D0→
7F5 (14265 
cm−1; 701 nm), transitions, while for [Eu(hfa)3(tppo)2], Figure 4.8(b),  they are assigned 
to 5D0→
7F0 (17271 cm
−1; 579 nm), 5D0→
7F1 (16849 cm
−1; 593 nm), 5D0→
7F2 (16220 
cm−1; 616 nm), 5D0→
7F3 (15255 cm
−1; 655 nm) and 5D0→
7F5 (14245 cm
−1; 702 nm). 
The emission band, 5D0→
7F0, is in principle forbidden, but may be allowed by 
symmetry with no inversion center through the J-mixing effect. The 5D0→
7F2 transition 
is a typical transition allowed by both Forced Electric-Dipole and Dynamic Coupling 
mechanisms and strongly varies with the local symmetry around the EuIII ion. The more 
intense is the band of this transition, the lower symmetry of the chemical environment 
around the EuIII ion. In low symmetry conditions, the emission band assigned to this 
transition it is very intense and responsible for the red color emission. When the 
emission band attributed to 5D0→
7F2 transition is more intense than 
5D0→
7F1 one, it 
suggests that the EuIII occupies a site of symmetry that does not have inversion 
center11,19.  
In the Figure 4.8(c), the emission bands of EuIII are broad, even optimizing the 
acquisition conditions by using narrow slits. This feature is typical of compounds which 
have two or more different symmetry sites of EuIII, what suggests the presence of the 
[Eu2(hfa)4-(-tfa)2(H2O)4] and [Eu(hfa)3(H2O)2] species as described by the single 
crystal structure and by products of subsequent reactions. 
On the other hand, narrow Stark peaks are observed for [Eu(hfa)3(tppo)2] in the 
Figure 4.8(d) and the 5D0→
7F0 is not observed, indicating that the EuIII is situated at 
higher symmetry environment. This is in agreement with the assigned distorted C4v 
micro symmetry of the coordination polyhedron, Table 3.  
 
Excitation and emission spectra were collected for [Eu(hfa)3(H2O)2] and 
[Eu2(hfa)4-(-tfa)2(H2O)4] mixed complexes at 77 K in liquid nitrogen in order to obtain 
higher resolution of the 5D0→






Figure 4.9. Photoluminescence spectra of [Eu(hfa)3(H2O)2] and [Eu2(hfa)4-2-(tfa)2(H2O)4] mixed 
complexes in the solid state at 77 K in N2. The inset shows the magnified 5D0→7F0 and 5D0→7F2 peaks 
(a); 5D0→7F0 emission band (b). 
 
It was observed in the Figure 4.9 that the 5D0→
7F0 transition is splitted into two 
bands, indicating that the EuIII ion has, at least, two different chemical environments 
around it. Due to the non-degeneracy of the 5D0 and 
7F0 levels, a maximum of one peak 
is expected for a single site occupied by EuIII, thus, this is an important feature for the 
determination of the number of equivalent sites that the EuIII is situated, but it is not 
possible to know the exact number of sites, once the 5D0→
7F0 transition is only 
observable in low symmetry sites, such as Cnv, Cn and Cs. The calculations suggest that 
the mixed complexes match with microssymetry C2v, Table 3.  
Due to crystal field perturbation, nephelauxetic effect occurs, which is the degree 
of energy separation between 5D0 and 
7F0 levels by a covalent contribution to the 




By analyzing the coordinated oxygen atoms in the mixed complexes, the EuIII in 
[Eu(hfa)3(H2O)2] is bind to two water-oxygen and six -diketone-oxygen, where the last 
one produces a more intense nephelauxetic effect once it is the most covalent oxygen, 
according to FREY and HORROCKS (1995) 57. In dimeric complex [Eu2(hfa)4-(-
tfa)2(H2O)4], each Eu
III is coordinated to two oxygens from water molecules, four -
diketone-oxygen and three charged carboxylate oxygens, where this last one produces 
a more intense nephelauxetic effect than the other two oxygens, according to FREY and 
HORROCKS (1995) 57, 
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These results are in agreement with the presence of two compounds in the mixed 
complexes. Therefore, by comparison of [Eu(hfa)3(H2O)2] and [Eu2(hfa)4-(-
tfa)2(H2O)4], it can be concluded that the most energetic 
5D0→
7F0 band at 17279 cm−
1, 
Figure 4.9(b), is assigned to [Eu(hfa)3(H2O)2], while the band at 17263 cm−
1 is assigned 
to [Eu2(hfa)4-(-tfa)2(H2O)4]. 
In addition, the relative intensity of 5D2←
7F0 transition in the excitation spectrum 
decreased compared to the one collected at 298 K, what means that the temperature 
increase favors energy transfer from ligand to metal. 
 
Emission intensity decay measurements were performed and the mean emission 
lifetime value were calculated from the bi-exponential fitting of three emission decay 
curves obtained for [Eu(hfa)3(H2O)2] and [Eu2(hfa)4-(-tfa)2(H2O)4] mixed complexes, 
shown in the Figure 4.10(a), and mono-exponential fitting of three emission decay 
curves for [Eu(hfa)3(tppo)2] in the Figure 4.10(b).  
 
Figure 4.10. Emission decay curve of 5D0 level of EuIII ion of (a) [Eu(hfa)3(H2O)2] and [Eu2(hfa)4-(-
tfa)2(H2O)4] mixed complexes and (b) [Eu(hfa)3(tppo)2] in the solid state at 293 K. 
 
The ln curve in detail, Figure 4.10(a), two emission lifetimes of 0.2381 
(0.0034) and 1.2403 (0.0079) ms are assigned to mononuclear [Eu(hfa)3(H2O)2] and 
dinuclear [Eu2(hfa)4-2-(tfa)2(H2O)4], respectively. In the Figure 4.10(b), the results 
show a single emission lifetime of 0.6439 (0.0006) ms for [Eu(hfa)3(tppo)2]. There 
results are in agreement with the photoluminescence study in the region of 5D0→
7F0 in 
the Figure 4.9], showing that two species of EuIII are present in the dimeric sample. It 
leads to the conclusion that the [Eu(hfa)3(H2O)2] complex is present within the dimeric 
sample and [Eu(hfa)3(H2O)2] is the species that possibly coordinates to the tppo ligand 
instead of the dinuclear [Eu2(hfa)4-(-tfa)2(H2O)4]. 
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The room temperature excitation (black curves) and emission (green curves) 
spectra of [Tb2(hfa)4-(-tfa)2(H2O)4] [Tb(hfa)3(H2O)2] mixed complexes and 
[Tb(hfa)3(tppo)2] were obtained at 293 K by monitoring the most intense 18416 cm
−1 
(543 nm) line of the 5D4 → 
7F5 emission, Figure 4.11.  
 
 
Figure 4.11. Excitation spectra of [Tb2(hfa)4-(-tfa)2(H2O)4] [Tb(hfa)3(H2O)2] [mixed complexes (a); and 
[Eu(hfa)3(tppo)2] (b) in the solid state at 293 K. Emission spectra of [Tb(hfa)3(H2O)2] and [Tb2(hfa)4-(-
tfa)2(H2O)4] [Tb(hfa)3(H2O)2] mixed complexes (c); and of [Tb(hfa)3(tppo)2] (d). The inset shows the 
magnified 5D4→7F5 peak. 
 
It was observed in the Figure 4.11(a,b) that the TbIII complexes excitation 
spectrum show a wide excitation range between 250 and 450 nm, where the maxima at 
275 nm is assigned to the TbIII 4f→5d transition and 360 nm is assigned to the excitation 
of the electronic levels of the ligand hfa. Also, shoulders were observed at 402 nm 
(24876 cm–1) and 436 nm (22936 cm–1). Also, a band at 485 nm is observed due to the 
direct excitation of the TbIII corresponding to the transition 5D4←
7F6. The intensity of 
ligand centered excitation band suggests that the TbIII is sensitized by the antenna effect 
at some extent due to the short energy gap of 1679 cm−1 between the triplet level of hfa 
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and the 5D4 level of Tb
III. However, back energy transfer probably occurs due to the 
short energy gap between 5D4 level of Tb
III and triplet level of hfa ligand. 
 
Five expected emission bands are observed for both TbIII complexes in the 
Figure 4.11(c,d) assigned to 5D4→
7F6 (20450 cm
−1; 489 nm), to 5D4→
7F5 (18416 cm
−1; 




−1; 619 nm) and to 
5D4→
7F2 (15385 cm
−1; 650 nm) transitions. The spectrum is dominated by the 5D4→
7F5 
forced electric-dipole transition located at 18416 cm−1 which is responsible for the green 
luminescence of this complex11.  
 
Emission intensity decay measurements were performed and the mean emission 
lifetime values were calculated from the mono-exponential fitting of three emission 
decay curves for [Tb2(hfa)4-(-tfa)2(H2O)4] [Tb(hfa)3(H2O)2] mixed complexes and 
[Tb(hfa)3(tppo)2], Figure 4.12. 
 
Figure 4.12. Emission decay curves of 5D4 level of TbIII ion of (a) [Tb(hfa)3(H2O)2] and [Tb2(hfa)4-
(- tfa)2(H2O)4] mixed complexes and (b) [Tb(hfa)3(tppo)2] in the solid state at 293 K. 
 
The ln curve in detail, Figure 4.12(a), one emission lifetime of 0.6163 (0.0002) 
ms is assigned to dinuclear [Tb2(hfa)4-(-tfa)2(H2O)4] In the Figure 4.12(b), a dramatic 
decrease of the 5D4 lifetime emission was observed due to a possible suppression by 
tppo ligand. In this case, a single lifetime emission of 0.0906 (0.0005) ms for 
[Tb(hfa)3(tppo)2] was obtained. 
 
4.1.5.2. [Tb(hfa)2(H2O)2-(μ-tfa)2-Eu(hfa)2(H2O)2] 
A newly synthesized heterodinuclear dimeric complex of [Tb(hfa)2(H2O)2- 
(- tfa)2-Eu(hfa)2(H2O)2] was prepared and the excitation spectra were obtained at 
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293 K by monitoring the most intense emission lines of EuIII at 16355 cm−1; 611 nm 
corresponding to the 5D0→
7F2 and at 18315 cm
−1; 546 nm, assigned to the 5D4→
7F5 
emission of TbIII, while the emission spectra were obtained at the maximum absorption 
bands in the excitation spectra at 273 and 348 nm Figure 4.13. 
 
Figure 4.13. Photoluminescence of [Tb(hfa)2(H2O)2-(-tfa)2Eu(hfa)2(H2O)2] in the solid state at 293 K. 
The inset shows the magnified excitation spectra in the region of the TbIII 5D47F5 transition. 
 
By monitoring at TbIII and EuIII most intense emission bands, the excitation 
spectra shape dramatically changes. The 5D2←
7F0 transition is observed only by 
monitoring at 611 nm. However, the 5D4←
7F6 absorption of TbIII in the excitation 
spectra of the [Tb(hfa)2(H2O)2-(-tfa)2-Eu(hfa)2(H2O)2] complex is observed whether 
monitored at 5D4→
755 of Tb
III (546 nm) or at 5D0→
7F2 of Eu
III (611 nm) emission bands. 
It might be an evidence that energy transfer is occurring from 5D4 of Tb
III to 5D0 of Eu
III. 
The emission spectra also vary with the excitation wavelength in such a way that 
the greater the wavelength the more predominant the EuIII emission becomes, while 
shorter wavelengths leads to overloaded shape from TbIII and EuIII emission spectra. 
 
Emission intensity decay measurements were performed by exciting at the 
ligand band at 350 nm and by detecting at 5D0 level of EuIII ion at 611 nm and 
5D4 level 
of TbIII at 546 nm. The mean emission lifetime values were calculated from the mono-
exponential fitting of three emission decay curves for [Tb(hfa)2(H2O)2-(-
tfa)2Eu(hfa)2(H2O)2], shown in the Figure 4.14. 
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Figure 4.14. Emission decay curves of 5D0 level of EuIII ion (red) and 5D4 level of TbIII ion (green) of 
[Tb(hfa)2(H2O)2-(-tfa)2Eu(hfa)2(H2O)2] (a) and linearized intensity of emission decays (b) in the solid 
state at 293 K. 
 
The obs values of the heterodinuclear dimeric [Tb(hfa)2(H2O)2-(-tfa)2-
Eu(hfa)2(H2O)2] monitored in 
5D4 of TbIII at 546 nm is 0.0519 (0.0002) ms and 
5D0 of 
EuIII 611 nm and 700 nm are practically the same, both of 0.2466 (0.0018) ms and of 
0.2496 (0.0010) ms, respectively. The curve shape in the beginning of the 5D0 emission 
decay of EuIII in the heterodinuclear complex, Figure 4.14(b), compared to the EuIII 
homodinuclear complex, Figure 4.10(a), is assigned to energy transfer to EuIII. 
Another evidence for energy transfer can be noticed in the EuIII lifetime shape, 
Figure 4.14, where it exhibits a curve shape in the arising part of the red and wine 
spectra representing the continuous population of the Eu(III) 5D0 level (in the same order 
of magnitude that 5D0 emission) due to the energy transfer from 
5D4 of TbIII, while the 
5D0 emission decay of EuIII is taking place. 
 
The overall data obtained for emission decay studies of hfa -diketone based 
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Table 4. Emission decay values of TbIII 5D4 and Eu
III 5D0 emitting levels at 293 K for 

















[Tb(hfa)2(H2O)2-(-tfa)2Tb(hfa)2(H2O)2]  275 
543 
0.6470 0.0015 

















611 0.2557 0.0008 





611 0.2466 0.0018 





The temperature-dependent emission intensities of this heteroleptic 
heterodinuclear complex were investigated in order to establish its potential as a 
molecular luminescent thermometer. Three emission spectra of [Tb(hfa)2(H2O)2-(-
tfa)2-Eu(hfa)2(H2O)2] were recorded for each measured temperature, in the range from 
83 K to 323 K, illustrated in Figure 4.15(a). The mean of the experimental temperature-
dependent parameter, , which is the ratio between the area of 5D4→7F5 of TbIII (from 
535 nm to 560 nm) and the area of 5D0→
7F2 of EuIII (from 605 to 635 nm) transitions 






Figure 4.15. (a) Emission curves recorded from 83 to 323 K under excitation at 320 nm; (b) temperature 
dependence of the ration between the integrated area of the 5D4→7F5 and 5D0→7F2 peaks (83-323 K) 
(black) and the relative sensitivity (red) of [Tb(hfa)2(H2O)2-(-tfa)2-Eu(hfa)2(H2O)2] system in the solid 
state. The error bars are within the relative sensitivity points. 
 
As expected, the emission intensities of TbIII and EuIII decrease gradually as the 
temperature increases, which are normally due to the thermal activation of nonradiative-
decay pathways. The temperature dependent luminescence colors of [Tb(hfa)2(H2O)2-
(-tfa)2-Eu(hfa)2(H2O)2] can be systematically tuned from green to red from 83 to 323 
K. The complex system is potentially applicable, with maximum relative sensitivity of 
2.4 % K-1 at 223 K and it is promising for temperature sensing in the range of 183 K to 
303 K. At the conclusion of the measurements, the it was noticed that the sample turned 
into a liquid aspect. Probably, at temperatures higher than 303 K, any decomposition 
reaction is occurring to the sample. 
 
4.2. PHOSPHINE OXIDES BRIDGE-LIGANDS 
When performing the synthesis of the bridge ligands phosphine oxides 
L = [(diphenylphosphoryl)R](diphenyl)phosphine oxide (R = ethyl or butyl), or L = dppeo 
and dppbo, respectively, white solids were obtained for dppeo and dppbo ligands. In order 
to evaluate their synthesis, the FT-IR, 1H and 31P-NMR spectra of the bridge ligands were 
recorded and compared to their precursors phosphines (dppe or dppb). 
 
4.2.1. FT-IR of Bridge-Ligands 
The phosphine and phosphine oxide bridge ligands were characterized by infrared 































































































phosphines and phosphine oxides spectra exhibit bands assigned to symmetric 
deformation of P-C-H bonds at 1300 and 1320 cm-1, respectively, and antisymmetric 
deformations of P-C-H at 1430 and 1436 cm-1, respectively. By comparison between 
them, one can notice that the oxidation reaction of phosphines occurred due to the rise of 
the band at 1179 cm-1 assigned to P=O stretch in the phosphine oxides58, Figure 4.16(b), 
which were absent in the spectra of phosphines, Figure 4.16(a). 
 
Figure 4.16. Vibrational spectra in the infrared region of the phosphines (a); and phosphine oxides bridge 
ligands (b). 
 
4.2.2. Nuclear Magnetic Resonance of Bridge-Ligands 
In the Figure 4.17, the 1H-NMR spectra of the phosphine = dppe and dppb display 
signals from d 7.39 to 7.25 ppm assigned to the twenty protons in the four aromatic rings 
and signals of d 2.10 ppm for dppe and d 2.03 and 1.56 ppm for dppb assigned to the 
protons in the (CH2)n units, where n= 2 or 4, respectively. 
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Figure 4.17. 1H-NMR spectra of (a) dppe and (b) dppb and phosphines in CDCl3. 
 
For the bridge phosphine oxide ligands, L = dppeo and dppbo, the 1H-NMR spectra 
are in agreement with the expected structures. The signals assigned to the aromatic rings 
were downfield shifted about d 7.77 and 7.44 ppm, respectively. Also, the signals 
assigned to the protons in the (CH2)n units, where n=2 or 4, were downfield shifted to d 













Figure 4.18. 1H-NMR spectra of phosphine oxides (a) dppeo and (b) dppbo in CDCl3.  
 
The 31P-NMR of the phosphine precursors and the phosphine oxide bridge-
ligands, Figure 4.19, shows that there are downfield shift of the 31P nuclei for the 
phosphines in the negative region relative to the phosphine oxides in the positive region, 
of 45.10 ppm between dppeo and dppe and 48.59 ppm between dppbo and dppb. Such 
differences reveal the phosphors nuclei deshielding by the oxygen atom. 
 
Figure 4.19. 31P-NMR spectra of phosphines dppe (a); dppb (c) and phosphine oxides dppeo (b) and 











4.3. tfaa β-DIKETONE BASED COMPLEXES 
 
4.3.1. Single Crystal X-Ray Diffraction 
 
The synthesis of precursor complexes succeeded as can be seen in the single 
crystal XRD of the [Tb(tfaa)3(H2O)2] and a symmetry near to C2v point group was 
obtained for the coordination site, in the Figure 4.20. 
      
Figure 4.20. (a) Asymmetric unit, (b) packing of the unit cell and (c) local geometry of [Tb(tfaa)3(H2O)2] 
complex using thermal ellipsoids at the 50% probability level (cyan = Terbium, red = Oxygen, yellow = 
Fluorine, gray = Carbon, white = Hydrogen). 
 
From both [Eu(tfaa)3(H2O)2] and [Gd(tfaa)3(H2O)2] precursor complexes, the tppo 
monosubstituted complexes were successfully obtained and presented a distorted C2v 





Figure 4.21. Asymmetric units of [Eu(tfaa)3(tppo)(H2O)] (a) and [Gd(tfaa)3(tppo)(H2O)] (b) and local 
geometry of [Eu(tfaa)3(tppo)(H2O)] (c) and [Gd(tfaa)3(tppo)(H2O)] (d) using thermal ellipsoids at the 50% 
probability level (light green = Europium, dark green = Gadolinium, purple = Phosphor, red = Oxygen, 



















All crystallographic data of precursor complexes [Tb(tfaa)3(H2O)2], 
[Eu(tfaa)3(tppo)(H2O)] and [Gd(tfaa)3(tppo)(H2O)] obtained in the sections 3.1.3 and 
3.1.4 are summarized in the Table 5. 
 
Table 5. Crystallographic data and structure refinement for some tfaa -diketone based 
Lanthanide (III) complexes  
 
 
The micro symmetry site of the precursor complexes obtained in this work for 









Empirical formula TbF9C15O8H16 EuF9C33O8H27P GdF9C33O8H27P 
Formula weight 654.20 889.47 910.76 
Temperature 150 K 150 K 150 K 
Wavelength 0.71073 Å 0.71073 Å 0.71073 Å 
Crystal system Monoclinic Triclinic Triclinic 
Space group P21/c P1 P1 




















Volume 2130.0(20)Å3 1800.3(3)Å3 1826.5(3)Å3 
Z 4 2 2 
Density (calculated) 2.028 Mg m−3 1.641 Mg m−3 1.656 Mg m−3 
Absorption coefficient 3.42 mm−1 1.877 mm−1 1.952 mm−1 
F(000) 1264 880.0 898 
Crystal Size 0.073 x 0.127 x 
0.272 mm 
0.137 x 0.094x 
0.036 mm 
0.308 x 0.160x 
0.116 mm 
Theta range for data 
collection 
1.7–27.1° 1.428-29.635° 2.480-28.260° 









Reflections collected 33899 34502 30704 
Independent reflections 




8996 [Rint 0.0514 
Absorption correction Multi-Scan Multi-Scan Multi-Scan 
Max. and min. transmission 
0.746 and 0.560 0.648 and 0.746 0.624 and 0.746 
Refinement method Full matrix least-
squares on F2 
Full matrix least-
squares on F2 
Full matrix least-
squares on F2 
Data/restraints/parameters 4731/93/331 10039/84/501 8996/69/489 
Goodness-of-fit on F2 1.425 0.981 1.155 












Largest diff. peak and hole 2.12 e Å−3 and 
−1.88 e Å−3 
1.18 e Å−3 and -
1.39 e Å−3 
3.71 e Å−3 and -






Table 6. Micro symmetry site of some tfaa -diketone based lanthanide complexes 









4.3.2. FT-IR Spectroscopy 
The tfaa ammonium salt and the and [Ln(tfaa)3(H2O)2] complexes were 
characterized by infrared spectroscopy, shown in the Figure 4.22. 
 
Figure 4.22. Vibrational spectra in the infrared region of the protonated Htfaa ligand as enol (black) and 
NH4tfaa salt as a ketone (blue), as well as [Ln(tfaa)3(H2O)2] complexes of TbIII (green), LaIII (cyan), GdIII 
(magenta) and EuIII (red). 
 
In the Figure 4.22, the FT-IR of the protonated ligand Htfaa shows C=O stretch 
at 1178 cm-1 assigned to its enol form, which is favored by the presence of electron-
withdrawing groups in the β-positions, such as CF3
26. After deprotonation, the tfaa ligand 
the band assigned to the C=O stretch was observed at 1636 cm-1 assigned to the β-
diketonate form. It represents a shift of 458 cm-1 to the higher energy region. After 
coordinating the enol group of tfaa with Ln centers, this stretch shifted to lower energy 
region from 1636 cm-1 to 1618 cm-1 due to the stabilization of the energy of the carbonyl 
group by delocalization of the oxygen charge in C=O-Ln as a consequence of the 
predominantly ionic Ln-O bond (95%), as can be observed. In addition, coupled 
































vibrations  C=C +  C=O are observed as two bands at 1532 cm-1 and a bending mode 
coupled to carbonyl vibration d C-H +  C=C at 1465 cm-1. At 1361 cm-1, symmetric 
deformation of CH3 bond was observed. Combination band from  C=C + d C-H was 
observed at 1288 cm-1. The bands between 1137 and 1200 cm-1 are due to coupled 
vibrations  C-F3+ d C-H
56. 
 
The tppo ligand and [Ln(tfaa)3(tppo)(H2O)] complexes were characterized by 
infrared spectroscopy, shown in the Figure 4.23. 
 
Figure 4.23. Vibrational spectra in the infrared region of the tppo ligand (gray), [Ln(tfaa)3(tppo)(H2O)] 
complexes of: TbIII (green), GdIII (magenta) and EuIII (red). 
 
In the Figure 4.23, the FT-IR of the free tppo ligand shows symmetric and 
antisymmetric deformation of the P-CH bond at 1311 and 1436 cm-1, respectively. The 
P=O stretch was observed at 1188 cm-1 in the free tppo. In the [Ln(tfaa)3(tppo)(H2O)] 
complexes, just the antisymmetric deformation of the P-CH by tppo phosphine oxide 
ligand was observed, once the symmetric band was overlapped by the coupled vibrations 
 C-F3+ d C-H
56 from 1200 to 1050 cm-1. Combination band from  C=C + d C-H was 
observed at 1282 cm-1. The C=O stretch was shifted to higher energy at 1620 cm-1, after 
coordination to tppo, assigned to the ketone groups bind to LnIII ion. 
 
The bridged complexes with the general formula [Ln1(tfaa)3(tppo)-(-L)-
Ln2(tfaa)3(tppo)], where L = dppeo or dppbo were characterized by infrared spectroscopy, 
shown in the Figure 4.24. 















































Figure 4.24. Vibrational spectra in the infrared region of the complexes [Ln1(tfaa)3(tppo)-(-L)-
Ln2(tfaa)3(tppo)], where L = dppeo (a); L = dppbo (b), and where Ln1-Ln2 = Eu-Eu (red), Gd-Gd (blue), 
Eu-Gd (orange), Tb-Gd (light green), Tb-Tb (olive) and Tb-Eu (magenta). 
 
The FT-IR of the bridged complexes (Figure 4.24) where L = dppeo or dppbo 
shows symmetric and antisymmetric deformation of the P-CH bond at 1437 and 
1357  cm  1, respectively, from the tppo ligand. Coupled vibrations  C=C +  C=O were 
also observed at 1517 and a bending mode coupled to carbonyl vibration d C-H +  C=C 
at 1483 cm-1. Combination band from  C=C + d C-H was observed at 1288 cm-1 where 
L = dppeo and at 1280 where L = dppbo. The C=O stretch was shifted to higher energy 
at 1627 cm-1 after coordination to dppeo and at 1631 after coordination to dppbo, assigned 
to the ketone groups bind to LnIII ion. The bands between 1200 and 1050 cm-1 are due to 
coupled vibrations  C-F3+ d C-H
56. 
 
As an example, for general comparison, the previously reported infrared spectra 
of tfaa, tppo and dppeo ligands were stacked together with the respective EuIII complexes, 
in the Figure 4.25. 
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Figure 4.25. Vibrational spectra in the infrared region of the tfaa, tppo and dppeo ligands and the respective 
EuIII complexes. The  C=O stretches are marked in red () while the  P=O stretches are marked in black 
(). 
 
4.3.3. Triplet State Energy Determination of the Ligands 
4.3.3.1.  [Gd(tfaa)3(tppo)(H2O)] 
The time resolved phosphorescence spectra at 77 K was performed in order to 
obtain the triplet state energy of the tppo ligand in [Gd(tfaa)3(tppo)(H2O)]. It was 
determined by deconvolution of the emission band into Gaussians which corresponds 
to the vibronic bands and the maximum of the most energetic Gaussian, the zero-zero 
phonon, is considered to be the energy of the triplet state, as showed in the Figure 4.26. 
The energy of triplet state of the tfaa -diketone ligand was obtained of 22909 cm−1 with 
delay of 0.10 ms. 
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Figure 4.26. Time resolved emission spectra of the [Gd(tfaa)3(tppo)(H2O)] complex obtained at 
77 K  (a); emission spectra obtained with a 0.10 ms delay (b). 
 
4.3.3.2. [Gd(tfaa)3(tppo)-(-L)-Gd(tfaa)3(tppo)] 
The time resolved phosphorescence spectra at 77 K was performed in order to 
obtain the triplet state energy of the bridge ligands in [Gd(tfaa)3(tppo)-(-L)-
Gd(tfaa)3(tppo)] complexes, where L = dppeo or dppbo, as showed in the Figure 4.27. 
The energy of triplet state of the tfaa -diketone ligand was obtained instead for both 
complexes where L = dppeo of 23364 cm−1 with delay of 0.47 ms and where L = dppbo 
of 23161 cm−1 with delay of 0.42 ms. 
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Figure 4.27. Time resolved emission spectra of the [Gd(tfaa)3(tppo)-(-L)-Gd(tfaa)3(tppo)] complexes 
obtained at 77 K, where L = dppeo (a); L = dppbo (b). Emission spectra obtained where L = dppeo with 
a 0.47 ms delay (c); where L = dppbo with a 0.42 ms delay (d). 
 
4.3.4. Photoluminescence Spectroscopy 
The photoluminescence spectra of the complexes were recorded at 293 K and 77 
K in the solid state, by the acquisition of stationary excitation and emission spectra 
monitoring in the wavelengths of most intense emissions and by acquisition of emission 
lifetime as well. 
 
4.3.4.1. Precursor Complexes [Ln(tfaa)3(H2O)2] and [Ln(tfaa)3(tppo)(H2O)] 
The excitation (black) and emission (red) spectra of [Eu(tfaa)3(H2O)2] and 
[Eu(tfaa)3(tppo)(H2O)] at 293 K were obtained by monitoring the most intense lines at 
16313 cm−1 (613 nm) and 16249 cm−1 (615 nm), respectively, of the 5D0→
7F2 emission, 
shown in the Figure 4.28.  
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Figure 4.28. Photoluminescence spectra of (a) [Eu(tfaa)3(H2O)2] and (b) [Eu(tfaa)3(tppo)(H2O)] in the 
solid state at 293 K. The inset shows the magnified 5D0→7F0 and 5D0→7F2 peaks.  
 
It is observed in the Figure 4.28 that both EuIII complexes excitation spectra 
show wide excitation range between 250 and 450 nm assigned to the excitation of the 
electronic levels of the tfaa ligand, with two maxima at 275 nm (36101 cm–1) and 366 
nm (27397 cm–1) and of tppo ligand, with maxima at 275 nm (36630 cm–1) and 325 nm 
(27770 cm–1). The low intensity of tfaa centered excitation band, Figure 4.28(a), 
suggests that the EuIII is weakly sensitized by the antenna effect, once the energy gap 
about 5000 cm−1 between the triplet level of tfaa ligand and the 5D0 level of Eu
III is too 
high. Also, a band at 464 nm is observed due to the direct excitation of the EuIII 
corresponding to the transition 5D2←
7F0. The relative magnitude of electronic excitation 
levels of the ligand compared to the 5D2←
7F0 at 464 nm suggests that the tfaa ligand is 
poorly sensitizing the EuIII.in [Eu(tfaa)3(H2O)2]. 
Nevertheless, the relative intensity of 5D2←
7F0 decreased compared to 
5L6←
7F0 
of EuIII and the relative intensity of the large band (250 nm to 400 nm) assigned to the 
electronic excitation levels of the ligands in the [Eu(tfaa)3(tppo)2] excitation spectrum 
dramatically increased, Figure 4.28(b). It suggests that the EuIII is actually back 
transferring energy to tppo. 
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Five emission bands are observed for the [Eu(tfaa)3(H2O)2], Figure 4.28(c), and 
[Eu(tfaa)3(tppo)(H2O)], Figure 4.28(d), complexes assigned to 
5D0→
7FJ (J = 0, 1, 2, 3 
or 4). The observation of the 5D0→
7F0 indicates that the EuIII in these complexes occupy 
low symmetry sites, once this transition is forbidden, but according to the Laporte 
selection rule is relaxed by crystal field perturbations leads to J-mixing with other 
wavefunctions where J = 2, 4, 6 states. Once the 5D0→
7F1 transition occurs through 
magnetic dipole mechanism, its integrated intensity is practically constant in all systems 
because it does not depend on the environment where the EuIII is located. Thus, the ratio 
between integrated intensity of its transition and another, is a trustful way for transition 
intensity studies of EuIII spectra. The I(5D0→
7F2) / I(
5D0→
7F1) ratio or (R21) was used in 
order to study the intensity of the 5D0→
7F2 transition. 
The 5D0→
7F2 is a “hypersensitive transition”, a typical forced electric-dipole 
transition and its intensity is strongly influenced with the local symmetry around the 
EuIII ion, suggesting that the chemical environment around the EuIII ion has a low 
symmetry. Both emission spectra are dominated by the 5D0→
7F2 electric-dipole 
transition located about 612 nm, which is responsible for the red luminescence of these 
complexes11. Once 5D0→
7F2 transition is more intense than 
5D0→
7F1, the EuIII occupies 
a site of symmetry that does not have inversion center11. The 5D0→
7F3 have low 
intensity once it is a forbidden transition. The intensity of 5D0→
7F4 is also weak for the 
complexes. 
 
The excitation (black) and emission (green) spectra of [Tb(tfaa)3(H2O)2] and 
[Tb(tfaa)3(tppo)(H2O)] at 293 K were obtained by monitoring the most intense line of 
the 5D4 → 
7F5 emission at 18264 cm
−1 (547nm) and 18264 cm−1 (544 nm), respectively, 









Figure 4.29. Photoluminescence spectra of (a) [Tb(tfaa)3(H2O)2] and (b) [Tb(tfaa)3(tppo)(H2O)] 
complexes in the solid state at 293 K. magnified 5D4 → 7F5 peak. 
 
The TbIII complexes excitation spectra in the Figure 4.29 show wide excitation 
range between 250 and 450 nm, where the maxima at 264 nm (37037 cm–1) is assigned 
to the TbIII 4f→5d transition and the maxima at 339 nm is assigned to the tfaa electronic 
levels excitation for [Tb(tfaa)3(H2O)2]. For [Tb(tfaa)3(tppo)(H2O)], Tb
III 4f→5d 
transition is observed at 275 nm and the band at 350 nm is assigned to tfaa and tppo 
electronic levels. The intensity of ligand centered excitation band suggests that the TbIII 
is sensitized by the antenna effect. Due to the energy gap of about 2200 cm−1 between 
the triplet level of tfaa and the 5D4 level of Tb
III, efficient ligand-to-metal energy transfer 
occurs, however, back energy transfer probably occurs, as well59. 
Also, shoulders at 402 nm and 436 nm are assigned to the TbIII 5D3←
7F6 centered 
transition. The relative magnitude of excitation spectra compared to the shoulder 
5D3←
7F6 at 402 nm suggests that the tfaa ligand efficiently sensitizing the TbIII, while 
the sensitizing efficiency from tppo to TbIII is weaker. 
Five emission bands are observed for [Tb(tfaa)3(H2O)2] and 
[Tb(tfaa)3(tppo)(H2O)] complexes, assigned to 
5D4→
7FJ (J = 6, 5, 4, 3, 2). Both 
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emission spectra are dominated by the 5D4→
7F5 electric-dipole transition located at 543 
to 547 nm which is responsible for the green luminescence of these complexes11.  
 
4.3.4.2. Bridged Complexes [Eu(tfaa)3(tppo)-(-L)-Ln(tfaa)3(tppo)], where 
Ln = Eu or Gd, L = dppeo or dppbo 
 
The excitation (black) spectra of homo/heterodinuclear bridge complexes with 
the formula [Eu(tfaa)3(tppo)-(-L)-Ln(tfaa)3(tppo)], where Ln = Eu or Gd, L = dppeo 
or dppbo, were obtained by monitoring the most intense lines at 613 nm or 610 nm of 
the 5D0→
7F2 emission at 293 K, and emission (red) spectra were obtained monitoring 
the two most intense excitation bands, at 275 nm and about 330 to 350 nm, shown in 
the Figure 4.30. To the left, the complexes with L = dppeo are observed, while the L = 
dppbo are to the right positions. Also, the homodinuclear complexes where Ln = EuIII 
























 [Eu(tfaa)3(tppo)-(-L)-Ln(tfaa)3(tppo)] at 293 K 


















Figure 4.30. Photoluminescence spectra of the [Eu(tfaa)3(tppo)-(-L)-Ln(tfaa)3(tppo)], where Ln = Eu 
and L = dppeo (a); Ln = Eu and L = dppbo (b); Ln = Gd and L = dppeo (c); Ln = Gd and L = dppbo (d) 
in the solid state at 293 K. The inset shows the magnified 5D0 → 7F2 peaks.  
 
In the excitation spectra (black), Figure 4.30, it can be seen that the relative 
intensity of the first band at 275 nm, assigned to the charge transfer from oxygen ligating 
atom to the EuIII is higher than the second band about 340 nm, assigned to the tfaa 
electronic levels excitation, for the complexes where Ln = EuIII. However, when Ln = 
GdIII, the relative intensity of the first excitation band at 275 nm decreased dramatically 
compared to the second band about 340 nm, once the number of EuIII ions decreased, so 
the charge transfer O-EuIII decreased as a consequence. Also, the four spectra show the 
excitation peaks of EuIII assigned to 5L6←
7F0 (394 nm), 
5D2←
7F0 (464 nm) and a 
shoulder of 5D3←
7F0 (413 nm). 
Five emission bands are observed for these EuIII complexes assigned to 5D0→
7FJ 
(J = 0, 1, 2, 3 or 4). The observation of the 5D0→
7F0 indicates that the EuIII in these 
complexes occupy low symmetry sites. Both emission spectra dominated by the 
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7F2 electric-dipole transition located at about 612 nm which is responsible for the 
red luminescence of these complexes11. The 5D0→
7F3 have low intensity once it is 
forbidden. The intensity of 5D0→
7F4 is also weak for the complexes 
 
The Table 7 shows the values from the 5D0 emitting level of Eu
III of 
experimental Judd-Ofelt intensity parameters (Ωλ), radiative (Arad) and nonradiative 
(Anrad) depopulation rates, quantum efficiency (η) calculated by using a mean refractive 
index of 1.5 were calculated on the LUMPAC® software55 and emission lifetime () and 
intensity ratio R21 for tfaa -diketone based EuIII complexes. 
 
Table 7. Experimental Judd-Ofelt Intensity Parameters, decay rates, theoretic quantum 

















[Eu(tfaa)3(H2O)2] 366 0.3521* 1910−20 7.410−20 764 2076 27 11.2 
[Eu(tfaa)3(tppo)(H2O)] 325 0.4244* 2610−20 8.810−20 988 1369 42 14.8 
[Eu(tfaa)3(tppo)-(-dppeo)-
Eu(tfaa)3(tppo)] 
330 0.8774* 2410−20 5.510−20 881 258 77 13.6 
[Eu(tfaa)3(tppo)-(-dppeo)-
Gd(tfaa)3(tppo)] 
340 0.7267* 2410−20 5.910−20 879 497 64 13.6 
[Eu(tfaa)3(tppo)-(-dppbo)-
Eu(tfaa)3(tppo)] 
350 0.7349* 2210−20 6.610−20 848 513 62 12.6 
[Eu(tfaa)3(tppo)-(-dppbo)-
Gd(tfaa)3(tppo)] 
350 0.7309* 2610−20 6.610−20 952 416 70 14.6 
*calculated on the ORIGIN® software. 
 
By progressive replacement of the water-coordinated molecules in the tfaa -
diketone based complexes [Eu(tfaa)3(H2O)2], [Eu(tfaa)3(H2O)(tppo)] and 
[Eu(tfaa)3(tppo)-(-L)-Ln(tfaa)3(tppo)], where L = dppeo or dppbo, the increase of Arad, 
 and  of the 5D0 emitting level are observed due to the decrease of O-H harmonic 
oscillator amount, that is one of the mechanisms for luminescence quenching. 
Also, a decrease of Anrad is observed by progressive replacement of the water-
coordinated molecules, which means that the deactivation of the 5D0 emitting level by 
non-radiative pathways occurs at lower extents by decreasing the number of O-H 





the larger bridge length, where L = dppbo, once in this case, there are more C-H 
oscillators than when L = dppeo. 
The greater values of 4 , which is the parameter related to the covalency of the 
bond between the lanthanide(III) and the ligating atom, when L = dppbo are in 
agreement with the previous discussions regarding the greater nephelauxetic effect of 
the L = dppbo in these bridged complexes. 
 
In addition, the emission spectra of homo/heterodinuclear bridge complexes 
with the formula [Eu(tfaa)3(tppo)-(-L)-Ln(tfaa)3(tppo)], where Ln = Eu or Gd, L = 
dppeo or dppbo were obtained at 77 K in the Figure 4.31 in order to study the splitting 



























 [Eu(tfaa)3(tppo)-(-L)-Ln(tfaa)3(tppo)] at 77 K 























Figure 4.31. Emission spectra of [Eu(tfaa)3(tppo)-(-L)-Ln(tfaa)3(tppo)], where Ln = Eu and L = dppeo 
(a); Ln = Eu and L = dppbo (b); Ln = Gd and L = dppeo (c); Ln = Gd and L = dppbo (d) in the solid state 
at 77 K. The inset shows the magnified 5D0→7F0 and 5D0→7F1 transitions. Emission spectra of 
forementioned the complexes showing 5D0→7F0 transitions at high resolution in wavelength (e); and in 
wavenumber (f). 
 
For the homo/heterodinuclear bridge complexes in the Figure 4.31(e), with the 
formula [Eu(tfaa)3(tppo)-(-L)-Ln(tfaa)3(tppo)], where L = dppeo, Figure 4.31(a,c), 
clearly two peaks of the 5D0→
7F0 transition are observed for Ln = Eu and a shoulder for 
Ln = Gd, indicating that at least, two different sites due to the existence of different 
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 Ln = Eu; L = dppeo
 FWHM 1.48
 Ln = Gd; L = dppeo 
FWHM 0.81
 Ln = Eu; L = dppbo 
FWHM 0.64


































 Ln = Eu; L = dppeo
 FWHM 44
 Ln = Gd; L = dppeo 
FWHM 23
 Ln = Eu; L = dppbo 
FWHM 19













micro-symmetries of EuIII, according to the Table 1. Also, the higher splitting of the 
EuIII spectra for Ln = Gd clearly evidences the lower symmetry than the Eu based 
homodinuclear complex analogue. For the complexes where L = dppbo, the presence of 
just one asymmetric peak of the 5D0→
7F0 transition in the spectra indicates that EuIII 
ions are situated at sites that have slight structural differences among them. 
In the Figure 4.31(f), one can clearly observe nephelauxetic effect, where the 
energy gap between the 5D0 and 
7F0 states decreases according to the ligand bind to Eu
III. 
It is experimentally evidenced by the energy displacement of the 5D0→
7F0 transition 
band by the influence of the bridged ligands in the [Eu(tfaa)3(tppo)-(-L)-
Ln(tfaa)3(tppo)] complexes. Once the magnitude of energy separation between 
5D0 and 
7F0 terms is inversely proportional to the covalency of the bond between the atom 
coordinated and the EuIII center, therefore, the oxygen (P=O) in L = dppbo should be 
the most polarizable than in L = dppeo ligand. Probably, the longer carbon chain in the 
dppbo allow the phenyl rings to settle in such a way that the Ln-O bond is shortened. It 
explains why 5D0→
7F0 transition band is observed at lower energy than when L = 
dppeo57. When L = dppbo, 5D0→
7F0 the maximum of the transition band is observed at 
17268 cm−1, whether the Ln = Eu or Gd, while when L = dppeo, two maxima are 
observed at 17295 cm−1 and a less intense band at 17273 cm−1 probably due to at least 
two different sites for EuIII centers. 
The splitting pattern of 5D0→
7F1 in spectra at 77 K can be used to indicate the 
actual symmetry once it reflects directly the degeneracy of the 7F1 level, which can in 
be up to three Starks components. In the case of both complexes where L = dppeo, 
Figure 4.31(a,c), more than three lines are observed, reinforcing the idea of more than 
one site of the EuIII in these complexes. Nevertheless, the complexes where L = dppbo, 
Figure 4.31(b,d), three lines are observed for 5D0→
7F1 transition, though slightly 
asymmetric. 
Regarding the 5D0→
7F2 transition, the splitting pattern of both L = dppeo 
complexes, Figure 4.31(a,c), differ from each other, nevertheless, both complexes 








4.3.4.3. Bridged Complexes [Tb(tfaa)3(tppo)-(-L)-Ln(tfaa)3(tppo)], where 
Ln = Tb or Gd, L = dppeo or dppbo 
 
The excitation (black) spectra of homo/heterodinuclear bridge complexes with 
the formula [Tb(tfaa)3(tppo)-(-L)-Ln(tfaa)3(tppo)], where Ln = Tb or Gd, L = dppeo 
or dppbo, were obtained by monitoring the most intense emission bands at 544 nm or 
543 nm of the 5D4→
7F5 transition at 293 K, and emission (red) spectra were obtained 
monitoring the two most intense excitation bands, at 275 nm and about 340 nm, shown 
in the Figure 4.32. To the left, the complexes with L = dppeo are observed, while the L 
= dppbo are to the right positions. Also, the homodinuclear complexes where Ln = TbIII 
are in the up positions while the heterodinuclear where Ln = GdIII complexes are in the 
down positions. 
 [Tb(tfaa)3(tppo)-(-L)-Ln(tfaa)3(tppo)] 

















Figure 4.30. Photoluminescence spectra of  [Tb(tfaa)3(tppo)-(-L)-Ln(tfaa)3(tppo)], where Ln = Tb and 
L = dppeo (a); Ln = Tb and L = dppbo (b); Ln = Gd and L = dppeo (c); Ln = Gd and L = dppbo (d) in 
the solid state at 293 K. The inset shows the magnified 5D4 → 7F5 peaks.  
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The excitation spectra in the Figure 4.32 show wide excitation range between 
250 and 450 nm, where the maxima at 273 nm is assigned to the TbIII 4f→5d transition 
and the maxima at about 340 nm is assigned to the tfaa electronic levels excitation for 
homo/heterodinuclear bridge complexes with the formula [Tb(tfaa)3(tppo)-(-L)-
Ln(tfaa)3(tppo)], assigned to the electronic levels of the tfaa, tppo and bridge ligands. 
Five emission bands are observed for these complexes, assigned to 5D4→
7FJ (J 
= 6, 5, 4, 3, 2). All emission spectra are dominated by the 5D4→
7F5 forced electric-
dipole transition located at 18264 cm−1 which is responsible for the green luminescence 
of these complexes11. 
 
4.3.4.4. Bridged Complexes [Tb(tfaa)3(tppo)-(-L)-Eu(tfaa)3(tppo)], where 
L = dppeo or dppbo 
The excitation spectra of heterodinuclear bridge complexes with the formula 
[Tb(tfaa)3(tppo)-(-L)-Eu(tfaa)3(tppo)], where L = dppeo or dppbo, were obtained by 
monitoring the most intense lines of TbIII at 544 nm corresponding to the 5D4→
7F5 
transition (olive) and of EuIII at 613 nm corresponding to the 5D0 → 
7F2 transition (red) 
and at 700 nm corresponding to the 5D0→
7F4 transition (wine) at 293 K. The emission 
spectra were obtained monitoring the two most intense excitation bands, at 275 nm 



















 [Tb(tfaa)3(tppo)-(-L)-Eu(tfaa)3(tppo)] at 293 K 



























Figure 4.33. Excitation spectra of [Tb(tfaa)3(tppo)-(-L)-Eu(tfaa)3(tppo)], where L = dppeo (a); L = 
dppbo (b). Magnified excitation spectra detail where L = dppeo (c); L = dppbo (d). Emission spectra 
where L = dppeo (e); L = dppbo (f) in the solid state at 293 K.  
 
It can be seen that the shape of excitation spectra at 293 K is strongly dependent 
on the monitored LnIII emission, Figure 4.33(a,b). For both complexes, when monitored 
in 5D4→
7F5 transition of TbIII, the intensity of first excitation band at 275 nm, assigned 
to the TbIII 4f→5d transition, is dramatically higher than 350 nm, assigned to the 
electronic levels excitation of the ligands. Nevertheless, by monitoring in 5D0→
7F2 and 
5D0→
7F4 transitions of EuIII, the relative intensity of the first excitation band at 275 nm 
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is a little higher than the second band at 350 nm for L = dppeo, but is lower for 
L = dppbo.  
Intraconfigurational transitions of EuIII assigned to the 5L6←
7F0 (394 nm) and 
5D2←
7F0 (464 nm) were only observed in the excitation spectra when monitored at EuIII 
emission bands. However, in the inset of the excitation spectra, Figure, 4.33(c,d), one 
can observe that the 5D4←
7F6 of TbIII is present in both spectrum wether monitored at 
TbIII or even at EuIII transitions. The appearance of this 5D4←
7F6 transition in excitation 
spectra by monitoring at 5D0→
7F4 transition of EuIII is a strong evidence of energy 
transfer between TbIII and EuIII in both systems, once at 700 nm, there is no overlap 
between TbIII and EuIII transitions in the emission spectra. 
Regarding the emission spectra, Figure 4.33(e,f), five emission bands of TbIII 
assigned to 5D4→
7FJ (J = 6, 5, 4, 3, 2) are observed, where three bands are overlapping 
four of the five emission bands of EuIII complexes assigned to 5D0→
7FJ (J = 0, 1, 2, 3 or 
4). The non-overlapped bands of TbIII are 5D4→
7F6 and 
5D4→
7F5 and of EuIII is just 
5D0→
7F4. The isolated observation of the pure 
5D0→
7F0 was not possible in the above 
conditions. The ratio between the emission band intensities of 5D0→
7F2 of EuIII and 
5D4→
7F5 of TbIII transitions is much greater when excited at 350 nm than at 275 nm, 
indicating that the TbIII emission is probably quenched by the energy transfer from TbIII 
to EuIII by increasing the excitation wavelength. 
 
In addition, the emission spectra of the heterodinuclear bridge complexes with 
the formula [Tb(tfaa)3(tppo)-(-L)-Eu(tfaa)3(tppo)], where L = dppeo or dppbo were 















 [Tb(tfaa)3(tppo)-(-L)-Eu(tfaa)3(tppo)] at 83 K 


























 Figure 4.34. Normalized excitation spectra of [Tb(tfaa)3(tppo)-(-L)-Eu(tfaa)3(tppo)], where L = dppeo 
(a); L = dppbo (b). Magnified excitation spectra detail where L = dppeo (c); L = dppbo (d). Emission 
spectra where L = dppeo (e); L = dppbo (f) in the solid state at 77 K.  
 
The shape of excitation spectra at 77 K is also strongly dependent on the 
monitored LnIII emission, Figure 4.34(a,b). For both complexes, where L = dppeo or 
dppbo, when monitored in 5D4→
7F5 transition of TbIII, the intensity of first excitation 
band at 275 nm, assigned to the TbIII 4f→5d transition, is higher than at 350 nm, 
assigned to the electronic levels excitation of the ligands. Nevertheless, by monitoring 
in 5D0→
7F2 transition of EuIII, the relative intensity of the first excitation band at 275 nm 
decreases and is overcome by the second band at 350 nm that increases its relative 
intensity. Also, intraconfigurational transitions of EuIII assigned to the 5L6←
7F0 
(394 nm) and 5D2←
7F0 (464 nm) were observed in the excitation spectra only when 
monitored at EuIII emission band. 
In the inset of the excitation spectra, Figure, 4.34(c,d), one can observe that the 
5D4←
7F6 of TbIII that was present in the spectrum when monitored at 
5D0→
7F2 EuIII 
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transition almost disappeared indicating that energy transfer between TbIII and EuIII is 
almost ceased in both systems. At low temperatures, the population of 5D4 of TbIII is 
mainly at the first vibrational sublevel, thus, there are almost no population in higher 
vibrational levels of 5D4 able to overcome the energy barrier at the potential curves 
overlap in order to transfer the energy through the bridge ligand to the 5D0 of EuIII. Thus, 
the energy transfer from TbIII to EuIII is thermally dependent. 
Regarding the emission spectra, Figure 4.34(a,b), five emission bands of TbIII 
assigned to 5D4→
7FJ (J = 6, 5, 4, 3, 2) are observed, where three bands are overlapping 
four of the five emission bands of EuIII complexes assigned to 5D0→
7FJ (J = 0, 1, 2, 3 or 
4). The non-overlapped bands are 5D4→
7F6 and 
5D4→
7F5 from TbIII and 
5D0→
7F4 from 
EuIII. The isolated observation of the pure 5D0→
7F0 was not possible in the above 
conditions. 
 
The emission of the [Tb(tfaa)3(tppo)-(-L)-Eu(tfaa)3(tppo)], where L = dppeo 























 [Tb(tfaa)3(tppo)-(-L)-Eu(tfaa)3(tppo)] at 77 K 





Figure 4.35. Emission spectra of [Tb(tfaa)3(tppo)-(-L)-Eu(tfaa)3(tppo)], where L = dppeo (a); L = dppbo 
(b) as a function of the excitation wavelength. Emission spectra at high resolution in the 5D0→7F0 
transition where L = dppeo (c); L = dppbo (d) as a function of the excitation wavelength in the solid state 
at 77 K. 
 
When excited at 275 nm, 310 nm and 350 nm, one can observe that the longer the 
excitation wavelength, the greater the ratio between the intensities of 5D0→
7F2 of EuIII 
and 5D4←
7F5 of TbIII transitions and the more the shape of EuIII emission spectra are 
obtained, Figure 4.35(a,b). This can also be evidenced by high resolution spectra in the 
region of 5D0→
7F0 transition of EuIII in the Figure 4.35(c, d). When excited at 275 nm, 
components of 5D4→
7F4 transition of TbIII overlaps the of 
5D0→
7F0 transition of EuIII, 
however, the intensity of this TbIII transition decreases when excited at 350 nm and 
almost disappear when excited at 465 nm directly at a EuIII centered transition 5D2←
7F0, 
thus, the 5D0→
7F0 transition of EuIII could be analyzed at 77 K in this condition, 
revealing single symmetry site for both heteroleptic complexes, where L = dppeo or 
dppbo. The greater spatial distance between TbIII and EuIII in the complex where L = 
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dppbo probably allows a better emission band selectivity in order to observe a pure 
5D0→
7F0 EuIII transition without contributions of TbIII. 
 
4.3.5. Emission Decay Curves and lifetimes 
 
4.3.5.1. Precursor Complexes [Ln(tfaa)3(H2O)2] and [Ln(tfaa)3(tppo)(H2O)] 
Emission intensity decay measurements of the 5D0 level of EuIII were performed 
and the mean emission lifetime values were calculated from the mono-exponential 
fitting of three emission decay curves obtained for [Eu(tfaa)3(H2O)2] shown in the 
Figure 4.36(a), and for [Eu(tfaa)3(tppo)(H2O)] in the Figure 4.36(b). 
 
Figure 4.36. Emission decay curves of the 5D0 level of EuIII ion of (a) [Eu(tfaa)3(H2O)2] and (b) 
[Eu(tfaa)3(tppo)(H2O)] in the solid state at 293 K. 
 
In the ln curves in detail, single emission lifetime is observed for both 
complexes. The lifetime emission of 0.3521 (0.0007) ms is assigned to mononuclear 
[Eu(tfaa)3(H2O)2]. By replacement of one water molecule, an increase of the lifetime 
emission was observed for [Eu(tfaa)3(tppo)(H2O)] of 0.4244 (0.0006) ms, once the 
non-radiative vibrations that quenches the emissions from the 5D0 of EuIII were 
minimized by the decreasing of the strong coupling with the water oscillator. 
 
Emission decay measurements of the 5D4 level of TbIII were performed and the 
mean values were calculated from the mono-exponential fitting of three emission decay 
curves of [Tb(tfaa)3(H2O)2] and of [Tb(tfaa)3(tppo)(H2O)] complexes, shown in the 
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Figure 4.37. Emission decay curves of the 5D4 level of TbIII ion of the (a) [Tb(tfaa)3(H2O)2] and (b) 
[Tb(tfaa)3(tppo)(H2O)] complexes in the solid state at 293 K. 
 
The linearized curves in detail, Figure 4.35, suggests that both complexes have 
single lifetime emissions. The fitting of the exponential curves show an increase from 
0.3050 (0.0004) ms to 0.5567 (0.0010) ms by de replacement of one coordinated-
water molecule in [Tb(tfaa)3(H2O)2] in the obtention of [Tb(tfaa)3(tppo)(H2O)]. 
 
4.3.5.2. Bridged Complexes [Eu(tfaa)3(tppo)-(-L)-Ln(tfaa)3(tppo)], where 
Ln = Eu or Gd, L = dppeo or dppbo 
 
Emission intensity decay measurements of the 5D0 emissive state of EuIII were 
performed and the mean emission lifetime values were calculated from the mono-
exponential fitting of three emission decay curves for the homo-/heterodinuclear 
bridged complexes with the formula [Eu(tfaa)3(tppo)-(-L)-Ln(tfaa)3(tppo)], where Ln 
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 [Eu(tfaa)3(tppo)-(-L)-Ln(tfaa)3(tppo)] at 293 K 

















Figure 4.38. Emission decay curves of the 5D0 level of EuIII ion of [Eu(tfaa)3(tppo)-(-L)-
Ln(tfaa)3(tppo)], where the Ln = Eu (up), Ln = Gd (down); and L = dppeo (left), dppbo (right) in the 
solid state at 293 K. 
 
In the ln curves in detail, single emission lifetime is observed for the four 
complexes. For the complexes where L = dppeo, the 5D0 lifetime emission of EuIII values 
vary with Ln. When Ln = Eu, lifetime emission is 0.8774 (0.0002) ms and it decreases 
when Ln = Gd to 0.7349 (0.0015) ms. In the other hand, when L = dppbo, the emission 
lifetimes do not change whether Ln is Eu or Gd and are 0.7349 (0.0015) and 0.07309 
(0.0013), respectively) ms.  
It means that the closeness between both ions in the system where L = dppeo 
allows the EuIII to be sensible to the chemical environment regarding the influence of 
the other ion in these bridged complexes. However, at longer distances between both 
ions, as occurs in the system where L = dppbo, the EuIII no longer is influenced by the 
other ion. This behavior evidenced by the lifetime values in the Figure 4.38 and the 
emission spectra in the Figure 4.30. 
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Considering the complexes where L = dppeo, the higher emission lifetime of 5D0 
when Ln = Gd compared to Ln = Eu might be due to different polyhedron symmetry for 
EuIII site, what was evidenced by the emission spectra at Figure 4.30 at 293 K and 
Figure 4.31 at 77 K, showing that higher Stark splitting occurs when Ln = Gd due to 
lower symmetry, compared to Ln = Eu. The lower the symmetry, the higher 
wavefunction mixing and the more relaxed is the Laporte selection rule, thus, the lower 
emission lifetime is obtained. 
 
The lifetime emission of the 5D0 emitting level of the complexes forementioned 
in this section are summarized at the Figure 4.39 as a function of the excitation 
wavelength at 275 nm and about 350 nm. 
 
Figure 4.39. Emission intensity decay curves of the 5D0 of [Eu(tfaa)3(tppo)-(-L)-Ln(tfaa)3(tppo)], where 
Ln = Eu or Gd, L = dppeo or dppbo bridged complexes as a function of the excitation wavelength: at 
275 nm (a); and at about 350 nm (b) at 273 K. 
 
In addition, emission intensity decay measurements of the 5D0 emissive state of 
EuIII were also performed at 77 K for [Eu(tfaa)3(tppo)-(-L)-Ln(tfaa)3(tppo)], where Ln 













































 [Eu(tfaa)3(tppo)-(-L)-Ln(tfaa)3(tppo)] at 77 K 

















Figure 4.40. Emission decay curves for 5D0 level of EuIII ion of [Eu(tfaa)3(tppo)-(-L)-Ln(tfaa)3(tppo)], 
where the Ln = Eu (up), Ln = Gd (down); and L = dppeo (left), dppbo (right) in the solid state at 77 K. 
 
 The same behavior of the 5D0 lifetime emission of EuIII was obtained for the 
forementioned complexes when cooled down 77 K, as can be seen in the Figure 4.40. 
While lifetime emission decreases by replacing the Ln = Eu by Gd in the complexes 
where L = dppeo, it does not vary by changing Ln from Eu to Gd in the complexes 
where L = dppbo. By comparison with the 5D0 lifetimes obtained at 293 K in the 
Figure 4.40, the homodinuclear complex of EuIII where L = dppeo has its emission 
lifetime increased by cooling down at 77 K, probably because the lowering of thermal 
vibrations in the system hamper the EuIII-EuIII energy transfer. Probably, the longer 
distance between EuIII ions in the complex when L = dppbo does not allow the ion-ion 
energy transfer among them, thus, the lifetime emission value remains the same either 
at 77 K or 293 K. 
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4.3.5.3. Bridged Complexes [Tb(tfaa)3(tppo)-(-L)-Ln(tfaa)3(tppo)], where 
Ln = Tb or Gd, L = dppeo or dppbo 
 
Emission intensity decay measurements of the 5D4 emissive state of TbIII were 
performed for the homo-/heterodinuclear bridged complexes with the formula 
[Tb(tfaa)3(tppo)-(-L)-Ln(tfaa)3(tppo)], where Ln = Tb or Gd, L = dppeo or dppbo, at 
293 K and the mean emission lifetime values were calculated from the mono-
exponential fitting of three emission decay curves for L = dppeo, and from the bi-
exponential fitting of three emission decay curves for L = dppbo shown in the Figure 
4.41  
 [Tb(tfaa)3(tppo)-(-L)-Ln(tfaa)3(tppo)] at 293 K 

















Figure 4.41. Emission decay curves of the 5D4 level of TbIII ion of [Tb(tfaa)3(tppo)-(-L)-
Ln(tfaa)3(tppo)], where the Ln = Tb (up), Ln = Gd (down); and L = dppeo (left), dppbo (right) in the 
solid state at 293 K. 
 
In the Figure 4.41, the 5D4 emission lifetime of Tb
III in the complexes where L 
= dppeo are practically the same for Ln = Tb or Gd, about 0.5964 (0.0023) ms and 
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0.6130 (0.0020) ms, respectively. However, when L = dppbo, the emission from 5D4 
level of TbIII is drastically quenched and two lifetime values are obtained for Ln = Tb 
of about 0.0955 (0.0012) ms and 0.1690 (0.0012) ms and L = Gd of about 0.0927 
(0.0045) ms and 0.1750 (0.0058) ms, probably, due to the influence of the triplet state 
energy combined to different TbIII symmetry sites. 
 
The lifetime emission of the 5D4 emitting level of the complexes forementioned 
in this section are summarized at the Figure 4.42 as a function of the excitation 
wavelength at 275 nm and 340 nm. 
 
Figure 4.42. Emission intensity decay curves of the 5D4 of [Tb(tfaa)3(tppo)-(-L)-Ln(tfaa)3(tppo)], where 
Ln = Tb or Gd, L = dppeo or dppbo bridged complexes as a function of the excitation wavelength: at 
275 nm (a); and at 340 nm (b) at 273 K. 
 
4.3.5.4. Bridged Complexes [Tb(tfaa)3(tppo)-(-L)-Eu(tfaa)3(tppo)], where 
L = dppeo or dppbo 
 
Emission intensity decay measurements of the 5D4 emitting level of TbIII and 
5D0 
emitting level of EuIII were performed at 77 K for [Eu(tfaa)3(tppo)-(-L)-
Ln(tfaa)3(tppo)], where Ln = Eu or Gd, L = dppeo or dppbo, at 77 K, shown in the 
Figure 4.43, and the mean emission lifetime values were calculated from the mono-
exponential fitting of three emission decay curves. 
 [Tb(tfaa)3(tppo)-(-L)-Eu(tfaa)3(tppo)] at 77 K 
 L = dppeo L = dppbo 
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Figure 4.43. Emission intensity decay curves of the  5D4 level of TbIII ion monitored about 544 nm (green) 
and of 5D0 level of EuIII ion monitored at 613 nm (red) of the [Tb(tfaa)3(tppo)-(-L)-Eu(tfaa)3(tppo)] 
heteroleptic complexes, where L = dppeo (a); L = dppbo (b); and linearized decay curves where 
L = dppeo (c) and L = dppbo (d) in the solid state at 77 K. 
 
By cooling down at 77 K, Figure 4.43, it can be noticed that the lifetime 
emission of 5D4 of TbIII is practically the same as 
5D0 of EuIII for both complexes. In the 
complex where L = dppbo, 5D4 is no longer transferring energy to the 
5D0 emissive level 
of EuIII at all. For the complex where L = dppeo, two lifetime values for 5D4 were 
obtained probably due to some residual population that is still transferring energy to 
5D0. 
 
Emission intensity decay measurements were also performed at 293 K for 
[Tb(tfaa)3(tppo)-(-L)-Eu(tfaa)3(tppo)] by exciting the ligand band at 275 nm and 350 
nm for L = dppeo and 355 nm for L = dppbo, and by detecting at 5D0 level of EuIII ion 
in 611 and 700 nm and at 5D4 level of TbIII in 546 nm. The mean emission lifetime values 
of 5D0 level for L = dppeo and dppbo were calculated from the mono-exponential fitting 
of three emission decay curves, while the mean emission lifetime values of 5D4 level 
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were calculated from the mono-exponential fitting nm for L = dppeo and from the bi-
exponential for L = dppbo shown in the Figure 4.44.  
 [Tb(tfaa)3(tppo)-(-L)-Eu(tfaa)3(tppo)] at 293 K 































Figure 4.44. Emission intensity decay curves of the 5D4 level of TbIII ion monitored about 544 nm (green) 
and of 5D0 level of EuIII ion monitored at 613 nm (red) and about 700 nm (wine) of the [Tb(tfaa)3(tppo)-
(-L)-Eu(tfaa)3(tppo)] heteroleptic complexes, where L = dppeo (a); L = dppbo (b); and linearized decay 
curves where L = dppeo (c) and L = dppbo (d) in the solid state at 293 K. 
 
The obs values of the heterodinuclear complex where L = dppeo are 
0.6624  (0.0283) ms monitored at 543 nm, 0.9035 (0.0029) ms at 613 nm and 
0.9785  (0.0006) ms at 699 nm, and for L = dppbo, obs values are 
0.1284  (0.0029)  ms and 0.3907  (0.0018)  ms monitored at 544 nm, 
0.66863  (0.0019) ms at 613 nm and 0.7008 (0.0007) ms at 700 nm.  
It can be concluded that quenching of TbIII emission decay observed in the 
Figure 4.44 while the emission decay of 5D0 of EuIII did not change by increasing the 
temperature is a strong evidence that the energy transfer from TbIII to EuIII is thermally 
dependent from temperature. It occurs in such a way that the temperature increasing 
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allows higher population of vibrational levels 5D4 of TbIII which are able to overcome 
the energy barrier and consequently allow the energy transfer to 5D0 of EuIII. 
 
A curvy aspect in the top of the linearized exponential decay of 5D4 of TbIII, in 
the inset of Figure 4.44(c,d), with shorter lifetime may be an indication of the 5D4 
population that is transferring energy to the 5D0 level of EuIII in both complexes. 
 
The emission intensity decay curves at 293K of the 5D4 and 
5D0 emitting levels 
of the complexes forementioned in this section are summarized at the Figure 4.45 as a 
function of the excitation wavelength at 275 nm and 350 nm. 
 
Figure 4.45. Emission intensity decay curves at 293K of the 5D4 and 5D0 emitting levels of 
[Tb(tfaa)3(tppo)-(-L)-Eu(tfaa)3(tppo)], where L = dppeo or dppbo bridged complexes as a function of 
the excitation wavelength: at 275 nm (a); and at 350 nm (b) at 273 K. 
 
4.3.5.5. Overall Lifetime Emission of Bridged Complexes [Ln(tfaa)3(tppo)-
(-L)-Ln(tfaa)3(tppo)], where L = dppeo or dppbo 
The 5D4 and/or 
5D0 emission decay curves of all bridged complexes at 293 K 
with the formula [Ln1(tfaa)3(tppo)-(-L)-Ln
2(tfaa)3(tppo)], where Ln = EuIII, TbIII or 
GdIII and Ln1 equal/different from Ln2, where L = dppeo or dppbo, were compared 
regarding the bridge ligand in the  Figure 4.46.  
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Figure 4.46. Linearized emission intensity decay curves of 5D4 level of TbIII and of 5D0 level of EuIII ions 
of the [Ln1(tfaa)3(tppo)-(-L)-Ln2(tfaa)3(tppo)] bridge complexes, where L = dppeo (a); L = dppbo (b) in 
the solid state at 293 K. 
 
By the comparison of 5D0 emission lifetime values of overall synthesized 
bridged complexes, Figure 4.46, it can be concluded that the Eu(III) ion in the dinuclear 
complexes where L = dppeo is more sensible to the chemical environment regarding the 
replacement of the other LnIII ions by a different one, while the emission lifetime values 
of EuIII are strict, according to the LnIII, when L = dppbo. 
 
The overall data obtained for triplicate emission lifetimes of tfaa -diketone 
based complexes synthesized in this work are in the Table 8. 
 
Table 8. Emission decay values of 5D4 emitting level of Tb
III and 5D0 emitting level of 
EuIII 293 K and 77 K for overall tfaa -diketone based complexes 


















[Eu(tfaa)3(H2O)2] 275 613 0.3579 0.0013     
 366  0.3521 0.0007     
[Eu(tfaa)3(tppo)(H2O)] 278 615 0.4644 0.0009     
 366  0.4244 0.0006     
[Tb(tfaa)3(H2O)2] 264 
547 
0.3089 0.0008     
339 0.3050 0.0004     
[Tb(tfaa)3(tppo)(H2O)]  
544 
0.5508 0.0006     
350 0.5467 0.0010     
275 613 0.9354 0.0013 275 611 0.9660 0.0007 
0.0 0.5 1.0 1.5 2.0
 Ln1 = Tb, Ln2 = Eu; ex = 350 nm, em = 544 nm
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 Ln1 = Tb, Ln2 = Tb; ex = 330 nm, em = 544 nm
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[{Eu(tfaa)3(tppo)}2-(-dppeo)] 330 0.8774 0.0002 330 0.9314 0.0186 
[{Eu(tfaa)3(tppo)}2-(-dppbo)] 275 
610 
0.7900 0.0010 275 
611 
0.8153 0.0091 





0.7678 0.0004 275 
613 
0.7624 0.0005 





0.7971 0.0011 275 
611 
0.8584 0.0140 
350 0.7309 0.0013 350 0.7639 0.0008 
[{Tb(tfaa)3(tppo)}2-(-dppeo)] 275 
543 
0.6718 0.0024     




0.1018 0.0015     
0.1867 0.0021     
340 
0.0955 0,0007     





0.6616 0.0027     





0.0994 0.0032     
0.1925 0.0057     
340 
0,0927 0,0045     









1.0525 0.0018 0.8448 0.0014 
613 1.1325 0.0009 
613 1.0280 0.0017 







1.0971 0.0014 0.7606 0.0106 
613 0.6624 0.0283 
613 0.9236 0.0007 







542 0.8408 0.0015 
0.4146 0.0028 
613 0.7740 0.0019 
611 0.8597 0.0015 





542 0.7688 0.0027 
0.3907 0.0018 
613 0.6863 0.0019 
611 0.7731 0.0010 








4.3.5.6. Photoluminescence – 488 nm Laser excitation 
 
The emission spectra of homo/heterodinuclear bridge complexes with the 
formula [Ln(tfaa)3(tppo)-(-L)-Eu(tfaa)3(tppo)], where L = dppeo or dppbo, Ln = Eu, 
Gd, in the Figure 4.47, or Ln = Tb in the Figure 4.48, were obtained by using a LASER 
at 488 nm as excitation source, at 77 K and 293 K. 
 [Eu(tfaa)3(tppo)-(-L)-Ln(tfaa)3(tppo)] 






Figure 4.47. Uncorrected emission spectra obtained at 77 K and 293 K in the solid state of 
[Ln(tfaa)3(tppo)-(-L)-Eu(tfaa)3(tppo)], where Ln = Eu or Gd; L = dppeo (a); L = dppbo (b).  
 
At 77 K, in the Figure 4.47, practically there are no EuIII emission for both 
systems [Ln(tfaa)3(tppo)-(-L)-Eu(tfaa)3(tppo)], where Ln = Eu or Gd, L = dppeo or 
dppbo, once the population in higher vibrational levels is meaningless when compared 
to the spectra at 293 K, where relatively higher emission intensities are observed for all 
complexes. However, triplet state emissions from the ligands are observed at 77 K, 
mainly in the complexes where L=dppbo. 
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Figure 4.48. Uncorrected emission spectra obtained at 77 K and 293 K in the solid state of 
[Tb(tfaa)3(tppo)-(-L)-Eu(tfaa)3(tppo)], where L = dppeo (a); L = dppbo (b).  
 
For the [Tb(tfaa)3(tppo)-(-L)-Eu(tfaa)3(tppo)], Figure 4.48, the dominant 
feature in the emission spectra at 77 K is practically from TbIII for both systems where 
L = dppeo or dppbo. The TbIII can absorb the LASER radiation at 488 nm once it excites 
directly TbIII through the 5D4←
7F6 transition. At 77K, the population in the excited state 
is mainly at lowest vibrational level of 5D4 of TbIII in such a way that the energy transfer 
from TbIII to EuIII is hampered by an energy barrier. In these conditions, the intensity 
ratio between integrated areas of 5D4→
7F5 and 
5D0→
7F2 are very high for both 
complexes where, L = dppeo or dppbo. 
When compared to the spectra at 293 K, the emission spectra assume mixed 




7F2 exhibit nearly equal emission 
intensities. These results show that the 5D4 is being depopulated in order to populated 
5D0, meaning that the energy transfer from Tb





The temperature-dependent emission intensities of the [Tb(tfaa)3(tppo)-(-L)-
Eu(tfaa)3(tppo)] heteroleptic heterodinuclear complexes, where L = dppeo or dppbo 
were investigated in order to establish its potential as a molecular luminescent 
thermometer. The emission spectra were recorded from 83 K to 323 K, illustrated in 


















































































































Figure 4.49(a,b). The experimental temperature-dependent parameter , which is the 
ratio between the area of 5D4→
7F5 of TbIII from 535 nm to 565 nm and 
5D0→
7F2 of EuIII 
from 605 nm to 635 nm (which the last one has some contribution of the TbIII overlapped 
5D4→
7F3) transitions bands, and the relative sensitivity of the system are showed in the 
Figure 4.49(c,d).  
 
 
Figure 4.49. Emission curves recorded from 83 to 323 K for [Tb(tfaa)3(tppo)-(-L)-Eu(tfaa)3(tppo)] 
complexes, where L = dppeo under irradiation at 310 nm (a); L = dppbo under irradiation at 300 nm (b). 
Temperature dependence of the ration between the integrated area of the 5D4→7F5 and 5D0→7F2 peaks 
(83-323 K) (black dots) and the relative sensitivity (red dots) of system in the solid state, where L = dppeo 
(c); L = dppbo (d). The error bars are within the relative sensitivity points. 
 
As expected, the emission intensities of TbIII and EuIII decrease gradually as the 
temperature increases, Figure 4.49, which are normally due to the thermal activation of 
nonradiative-decay pathways. The temperature dependent luminescence color observed 
for [Tb(tfaa)3(tppo)-(-L)-Eu(tfaa)3(tppo)] system can be systematically tuned from 
yellow to red from 83 to 323 K. The system is potentially applicable, once for the 



























































































complex where L = dppeo, the maximum relative sensitivity is 3.3 % K-1 at 323 K and 
it is promising for temperature sensing in the range from 263 K to 323 K. While when 
L = dppbo, the maximum relative sensitivity is 3.4 % K-1 at 303 K and it operates in the 







The synthesis methodology for precursor complexes [Ln(hfa)3(H2O)2] performed in the 
present work yielded an interesting dinuclear complex [Ln2(hfa)4-2-(tfa)2(H2O)4], where Ln = 
EuIII, TbIII and LaIII complexes, which were confirmed by crystallographic data. The 
crystallographic and spectroscopic results suggested the presence of other species, possibly, 
[Ln(hfa)3(H2O)2] in the dimeric sample. 
Heterodinuclear complex of [Tb(hfa)2(H2O)2(μ-tfa)2Eu(hfa)2(H2O)2] allowed energy 
transfer from TbIII to EuIII, with obs values of [Tb(hfa)2(H2O)2(μ-tfa)2Eu(hfa)2(H2O)2] monitored 
at 546 nm and 611 nm are 0.05 and 0.27 ms, respectively. This system is temperature-
dependent, with maximum relative sensitivity of 2.4 % K-1 1 at 223 K and it is promising for 
temperature sensing in the range of 183 K to 323 K  
Homo- and heterodinuclear bridged complexes proposed in this project with the formula 
[Ln1(tfaa)3(tppo)-(-L)-Ln
2(tfaa)3(tppo)] were obtained, where Ln
1 and Ln2 are equal/different 
from each other, Ln = EuIII, TbIII, GdIII, and the bridge ligand L =  dppeo and dppbo. The 
[Ln(tfaa)3(H2O)2] and [Ln(tfaa)3(tppo)(H2O)] precursors complexes of Ln = EuIII, TbIII, LaIII and 
GdIII were confirmed by Single Crystal XRD. 
It could be observed the nephelauxetic effect in the Eu-Eu and Eu-Gd bridged 
complexes through the EuIII emission spectra at 77 K as a consequence of the covalency of the 
Ln-O bond from P=O in the bridge ligands. The results suggested that the EuIII emission spectra 
is more sensitive to variation of the second LnIII coordinated when L = dppeo due to the shorter 
spacing between the LnIII when compared to the complex where L = dppbo. Emission decay 
studies also suggested that the L = dppeo are more sensitive to the influence of the second LnIII 
coordinated in the bridged complex. 
The study the thermally dependent energy transfer from TbIII to EuIII in the proposed 
heterodinuclear bridged systems as a function of the bridge ligand, L, through excitation 
spectra, emission decay values of 5D4 and 
5D0, 488 nm LASER irradiation and thermometry 
studies of emission spectra revealed interesting properties. These systems are suitable for 
thermometric applications through the ratio between temperature-dependent emission bands 
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